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(U) The’ book is the first work in which with the using of con- 
tempory mathematical methods there is systematically expounded 
: the theory of jamming and electronic reconnaissance. In a con- 
siderable part it is based on the original investigations of 
the authors, Information, power and operational-tactical 
criteria of the effectiveness of means and methods of the creation 
of interference are examined. Methods of the estimate of informa- | 
tion loss, applied by means of active jamming to radar stations 
operating in scanning conditions, are described, Different forms 
| of active jamming on the channel of angular tracking of radar 
| (monopulse and with conical scanning) are investigated. Peculiari- 
° ties of functioning radar systems of automatic tracking in the 
; direction with the action of special interference signals are 
examined. Methods of the creation of active jamming to systems of 
automatic range and speed tracking are discussed. An estimate of 
different forms of interference signals to radio links of communi- 
cation and command control is given. Calculation relationships 
are derived which allow estimating the necessary quantity of dipole 
reflectors for the suppression of radar of different assignment, 
including and pulse-coherent radar. Principles of the application 
of radar traps in different links of control system by means of 
antiaircraft defense are discussed, 









WO OF PAGES 






apse POM Og ( eve evenpmur, cece) 





ae a a 








TABLE OF CONTENTS 


U. S. Board on Geographic Names Transliteration System ........66. Vv 
Designations cf the Trigonometric Functions .. wsscceessecvevecee Vi 
PRNGUELEOW Shaw tien hos OMe visions eae We GAS vce Meas e Hebe 4s Peels mi nace Pyrriae (Oe 
PROT OR. ns Bsn. dare arene gd Ses CUNO AU OLE DLT PARA wee aM aa wee ae 
ETC TOOUCE LOM. aes Seeup e601 Ge PONE ee AO Rie gs 1 Lua WE wl an ot eww wh 1s lel eae wi ees eee) 


Designations for Chapters 1-10 Co ee SSS xvi 
Chapter 1. Criteria of the Effectiveness of Means and Methods 


Ol <d GMMSNS: Ws bc OS os ob OR Oe ee ote oe Bet baw ce SSS 6 sesh % 6G 

1.1. General Characteristic of the Criterla .....ccseeeeees 

1.2. Infermatton Criteria ..s..b4e. toes See e et et eye ee ae 
1.3. Power Characteristics of Interference Signals ........ ll 

1.4. Peculiarities of Criteria of the Quality of Interference 

Signals Intended for the Suppression Automatic Control 
SYSUGMS: 5.5/6.4 os bo ¥ Us ds aes ee are Rl ead ce shea amas ee OU 
1.5. Criterion of Information Loss ..... Ses Ses ar ace Siesta ee: 
1.6. Operational-Tactical Criteria ... cesses eMeqel suezews Ae rhe imme 
clef. Contour of Tarcet DIStPibutlon: ..6 idan. ew: COPE ears . 36 
1.8. Contour of Long-Range Guidances ......... nay ere ee bea ay 
Lo. Centeur of Homing: Guidance 6...46 366s a tk ieee kd ea es o 57 


1.10. Optimum Methods of the Application of Interferences .. 64 
Chapter 2. Active Jamming by Radars Operating in Scan 


Condl ViLGne sss sie ive hiotes PEO DERM eet en Oe 

2.1. Methods of Estimating Information Loss, Inflicted 
BY Means Or AcvAVe Tammie 4546 6.5 bee bie ek des eccces se 83 
2.2. Continuous Noise Interferences .....creecvesseces se eretee 895 


2.3. Peculiarities of the Radar Suppression with Continuous 
and Quasl-Continuous Radiation (Narrow-Band Radar) ... 107 


FTD-MT-24-115-69 af 










4.1. 
4.2. 


4.3. 


44, 


4.7. 


Sides 
5.2. 
Daas 
5.4. 


6.1. 
Grae 


6.3. 


Chapter 4. 


Chapter 5. 


Chapter 6. 


FTD-MT-24~115-69 


Peculiarities of the Suppression of Broad-Band 


Radars with Coding occ .336c tee ees Ree ey ne ok 
Model Block Diagrams of Noise Interference Stations .. 115 
Peculiarities of the Modulation of Noise Jammers ..... 119 
Pulse Interferences to Radars Operating in Scan 
GCONA TC LORS cies tpyreiens wiles ote ae Sr eg re Te Resear: lw, (6) 
Active Jamming of Automatic Azimuth Tracking Systems 
with Sequential Comparison of Signals ...... ee eee ake Ge hi 
POUPOMUCTION: 5 64 ves Saw dow a Ke stew he Sales 6 Sue ae bc aes Seu. WOT 
Direction Finding Characteristics of ASN Systems 
with Sequential Comparison of Signals ......cceeseeuee 139 
Selective Jamming of Scanning Frequency .......e+e006. L44 
Barrage Jamming of Scanning Frequency .......+.005 eae L538 
Method of Formation of Jamming Signals by Means of 
Balanced Mo@ulatien a4. 65 6.6. c0ss sedsk oa als aur een teva LOS 
Intermittent Jammins veers csacr sc ceweiras Oe oe re ee ee ene 
Active Jamming of Automatic Tracking Systems with 
Simultaneous Comparison of Signals ......... fas eee ae 
RHE POGUCE VOW: bai tee Snes Crk «6 Ga Sek oN RS TG OS om eee LTT 
Direction Finding Characteristics of ASN Systems 
with Simultaneous Comparison of Signals ..........+++- 178 
Unmodulated Incoherent Interference Created from 
TWO REO LING GL “ois se veces a Meade Si aes weak ars eile Suge @ bee ae NeuTeL 
Influence of Noncoherent Interference on the Dynamics 
Of “ABN SYSTEMS <iin eeu. eS 9e% ee Sere eee eee ee os 194 
Effectiveness of Noncoherent Interference ........... » 200 
Interference Created by Two Coherent: Sources of 
Radlation ...cscscsrececs akalece this teresterekscems Sia aitetseite ehetere tor exe ¢ 202 
Influence on the ASN System of Periodic Input 
Disturbance Beisel Sahm Gis Rs @ SME Nee ot CEB COnt BOR RPE Tare Raa: 
Methods of Active Jamming of Automatic Range and 
Opeea Tracking ‘SYStEMS: 26.6 ob bk hs 6 Ge G8 Os 88 6 oda we 235 
INGPOGUCE LON sce tesesters, areceraceWr ato, sews ioe eke sco ieMossnes te euerese ueielere 235 
Active Jamming cf Automatic Range Finders ........ soereies 230 
Active Jamming of Automatic Speed Tracking Systems ... 241 
Possible Methods of Shifting Signals in Carrier 
Frequency ...... CORR AS EES tame ide, alt ence Lb OP eae S Saws eae OO 
Jamming of Radio Control and Communication Links .... 258 
TRCPOAUCCLON 665s es see ots Sere HK Be oe Sv eesese nee 256 
Equation for Jamming Radio Control and Communication 
jt ae ee ee err er eee eee ee ee ee eee ee ee ook | 
Forms of Jamming of Command Radio Control Link ....... 263 


a Se 





6.4, Forms of Jamming Radiotelephone Communications ....... 274 


Chapter 7. Passive Radio Interference ..rseccseccscncscscrcesees 200 
Tease ABUROGUCt LO: 5 oo arch tare ee ob Ae sams OA Rabb wn $e Oe Be 
Tits “DIPOle RETiecters: acne chee end mikes anu Gh aw eae ee OL 
7.3. The Effective Scatter Area [ESA] of a Half-Wave 


Dipole Randomly Oriented in Space ..... as Re Veer a ees 
7.4. The Fluctuation paeobe of Signals Reflected from 
DIPOLES 3.00435 Risiead Sp Gear ie Ie th MW ans Se a ws We ea Bees tana eo0 | 
r] 7.5. Weakening of Radio Waves in Clouds of Dipoles with 
barge Coneentrations «5 cw sew cae evs sides dou dress eoce severe es 295 


7.6. The Peculiarities of the Suppression of Detection 
and Target Designation Pulsed Radar it Passive 


EMGErPVErenCes), © iis ss ae eis i's 6 one. oo teats Ge Nace Ree OLE Ne RORC . 297 
7.7. Peculiarities of the Effect of Passive Interferences 

on Pulse-Coherent Radar ...... See evel eparexseeuerens <e Seetede jhe aie tate (309 

Chapter 8, False Targets and Radar TrapS wvissvecsscccceveces wean Ser 

Bets. LIN EPORANCT ON. sew aa! swale aes cee as Sie ree Ore aie te te 327 
8.2. The Application of False eee in Target-Distribution 

COnvOuns: = cece San baw k & ; Ree ery Oa Sak ae ieee ca ae eo 
8.3. The Application of Radar Traps in Guidance and Homing 

Guvdance -COnUVOUrs <<..4.46 se6ie scan so 6% ele rele rel sta Cle) ekeleile 1t.cde sere tere ISL 
8.4. Methods of Increasing the Effective Scatter Area of 

False Targets tthe Sabor aie wad Suen ee Le Ghat Lake Heb oop te FeOGl obetavierce te ec emereGene’ ome 342 


Chapter 9. Methods of Jamming Based on Changing the Electrical 
Properties of a Medium and Radar Capability to 


ChServe- 4. TAPBCE Foon og ace © s 5550 bib ee Oh VE OAS See Bes 358 
9.1. Counteracting the Operation of Electronic Equipment 
oy Idniging Local Regions: ef Space 245.446 5404 46 0G1ee 358 
9.2. The Influence of Nuclear Explosions on the Operation 
Ol BlLeetronle- Systems: 245 heme ees Koa eeu Se Oe Ge ees 362 
9.3. Methods of Decreasing the Effective Scatter Area ; 
Ole R 1 Pere Cs Ob Wine Btaleh us FS LG StTE RS uk heed SA ACS ides 369 
2 Chapter 10. Eleetronie Reconnaisance w.6. saoe fie 0 see 4 cr0% eeteenets 384 
10.1. Assignment and Missions of Electronic Reconnaissance.. 384 
g9- 10.2. Application of the Queueing Theory of the Solving \ 
of Problems of Electronic Reconnaissance ......... cave GOD 


10.3. Block Diagram of an Electronic Reconnaissance 
Station eoeseeeernteeteees oeeteoees oseeeeeeeseeeeeeee eeeeevse?8 ef 6 @ 411 


10.4. Scanning Methods for Determination of Frequency ...... 414 
10.5. Nonscanning Methods for Determination of Frequency ... 426 


10.6. Storage of Carrier Frequency ........+5. Oe eer Want a G as yyy 
10.7. Direction Finding of Electronic Devices in the 
Interests of Electronic Reconnaissance .........6.6. css 450 


FTD-MT-24-115-69 a Eh 








10.8. Determination of Position of Electronic Devices ...... 456 
10.9. Peculiarities of Identification of Form of Electronic 
Detter ea Maine ree wa Re oe Be ee ae renee le aon lg seca ats! cS | 
10.10. Principles of Control of Jamming Devices ......eeeeeee 459 
BIbIIGSraphy sacactee de co Rear Vee, es innate oe eens ike gahee oie Le OD 
\ 
! 
FTD-MT-24-115-69 iv 








U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM 


Block Italic Transliteration Block Italic Transliteration 
Aa Aa A, @ P p P p R, r 
B 6 B 6 B, Dd Cc c¢ G -€ 5,8 
B s Be V, v 1 T m ee 
rer re G, g y ¥ y y U, u 
Oa A é D, d ® eo ¢ ae | 
E e Ee Ye, ye; E, e X x X x Kh, kh 
K mM K « Zh, zh ou Uy Ts, ts 
'3 2 3 3 bz 4yo4 Y oy Ch, ch 
; MH # H wu pa & ww WH wu Sh, sh 
A A Aa p a ww Ww Shch, shch 
K xk K RK K, k b >» Bb % " 
non fa Le aw How At ow YY, ¥ 
M M™ M M, m b »b be ' 
H # HN N,n a3. 8 5 9 E, e 
Oo oe 0, 0 Hb ©» DO w Yu, yu 
na fT an P, p A AK Ala Ya, ya 


* ye initially, after vowels, and after +, 4; e elsewhere. 
en written as ® in Russian, transliterate as y# or 8, 
The use of diacritical marks is preferred, but such marks 
may be omitted when expediency dictates. 


PTD-fT-24-115-69 ; Vv 





Russian 


sin 
cos 
tg 
ctg 
sec 
cosec 


sh 
ch 
th 
eth 
ach 
csch 





FTD=MT~24-115-69 


vi 





FOLLOWING ARE THE CORKESPONDING RUSSIAN AND ENGLISH 
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS 


English 


ain 
cos 
tan 
cot 
sec 
ese 


sinh 
cosh 
tanh 
coth 
sech 
csch 


sin-2 
cos~! 
tan 
cot71 
sec") 
escent 


sinb-) 
cosh72 
tanh) 
coth=1 
sech~1 
esch71 


curl 
log 








ANNOTATION 


The book is the first work in which with the 
using of contemporary mathematical methods there 
is systematically expounded the theory of jamming 
and electronic reconnaissance. In a considerable 
part it is based on the original investigations 
of the authors. 


Information, power and operational-tactical 
criteria of the effectiveness of means and methods 
of the creation of interference are examined. 
Methods of the estimate of information loss, 
applied by means of active jamming tc radar stations 
operating in scanning conditions, are described. 


Different forms of active jamming on the 
channel of angular tracking of radar (monopulse 
and with conical scanning) are investigated. 
Peculiarittes of functioning radar systems of auto- 
matic tracking in the direction with the action of 
special interference signals are examined. 


Methods of the creation of active! Jamming to 
systems of automatic range and speed tracking are 
discussed. An estimate of different forms of 
interference signals to radio links of communica- 

‘ tion and command control is given. 


Calculation relationships are derived which 
allow estimating the necessary quantity of dipole 
reflectors for the suppression of radar of 
different assignment, including and pulse-coherent 
radar. Principles of the application of radar 
traps in different links of control system by means 
of antiaircraft defense are discussed. Methods of 
increasing the effectiveness of the area of 
scattering and also methods of jamming founded on 
the change in electrical properties of the medium 
and radar observation of targets are shown. 
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The problem of electronic intelligence is 
discussed on the basis of the queueing theory. 
There are given different circuits of devices of 
the determination and memorization of frequency 
and also the determination of the bearing and 
position of the electronic equipment. 


The book is intended for a wide range of 
specialists engaged in problems of the development, 
exploitation and application of electronic equip- . 
ment. It will be useful to teachers and students 
of electronic higher educational institutions and 
departments. The book has 223 figures and 112 names ‘ 
in tne bibliography. 
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PREFACE 


Individual problems in jamming [RPD]) and electronic reconnaissance 
{[RTR] were examined earlier only in journal articles and also ina 


number of pamphlets. 


The attempt to give a systematic account ot the basic scientific 
and technical problems of this important field of applied electronics 
is natural. 


The development of contemporary methods of investigation, such 
as the theory of decisions, the theory of games and queueing theory 
and development of the theory of radar and radio control permitted 
the authors to systematize works published up to the present time 
and examine as far as possible well-known methods of RPD and RTR 


from single positions. 


In considerable part the book contains data of original investi- 
gations of authors and also theoretical generalizations of published 


materials. 


In the beginning of the book information and operational-tactical 
criteria of RPD effectiveness are discussed. In subsequent chapters 
possible methods of RPD to different forms of electronic means are 
examined. The main attention is given to interferences to radar 
operating both in conditions of scanning and in conditions of 


automatic tracking. 
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The last chapter is devoted to electronic reconnaissance. AS a 


theoretical basis for RTR the queueing theory is used. 


The book is intended on readers having a mathematical preparation 
from'a higher technical educational institution. Used in a number of 
cases are new mathematical methods (games theory, queueing theory. ' 


theory of decisions and some divisions of the information theory) are 
additionally explained. 


Chapters 1, 2, and 3 (with the exception of 1.9, 2.5, 2.6, 2.7, 
31, 3.2) and 3:6), and e160 4.5, 4.6, 5.4, 7.35 17s 9-25 and 10.2 
were written by S. A. Vakin, Chapter 4 (with the exception of 4.1, 
4.5, and 4.6) and also 3.2, 3.6, 6.3, and 6.4 were written by Lh. N. 
Shustov. The remaining sections were written by the authors jointly. 


The authors express their deep gratitude to M. P. Bobnev, B. D. 
Sergiyevskiy, V. T. Borovik, V. P. Malaychuk, S. S. Romanov, and 
B. V. Abramom for their critical remarks and councils promoting the 
improvement of the book. 


The necessity to consider the wide range of questions, naturally, 
could not fail to lead to an irregularity in the depth of the study 
of the separate divisions. The authors will gratefully accept 
critical remarks on the substance of the work. 


FTD=MT-24-115-69 x 


INTRODUCTION 


At present electronic means [RES] comprises the basis of systems 
of control of troops and weapons in all forms of armed forces of 
contemporary states. In the most characteristic form this position 
appears in antiaircraft [PVO] and antimissile defense [PRO]. 


The development, of electronics made possible the entering into 
armament of PVO of evamonied weapons of destruction — aircraft and 
antiaircraft controlled rocket weaponry ([AURO] and [ZURO]) which to 
a great degree increased the probability of the defeating the enemy 


aircraft by one rocket. 


If in the Second World War to destroy one aircraft it was required 
to use on the average of up to 500-600 shells of barrel antiaircraft 
artillery [ZA], then at present for aircraft destruction 1-2 anti- 
aircraft guided missiles [ZUR] are sufficient. 


At the same time the electronic facilities are one of the most 
vulnerable sections of the PVO system since they are detected by the 
radiation and their operation can be jammed, i.e., jamming by elec- 
tronic methods. 


The dialectics of combating measures and countermeasures, 
naturally, led to the appearance and development of methods of 
surmounting by the aviation of the PVO of the enemy founded on the 
application of jamming the operation of electronic means of the 
system ief une PVO. 
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At present jamming is one of the important forms of the security 
of combat actions of aviation in the surmounting of PVO. 


Jamming is widely applied in other branches of the military. 
However, the purposes, methods, and means of RPD in different forms 
of armed forces and branches of service can be different. 


Thus, for example, the purpose of RPD, carried out in the inter- 
ests of the cover of objects in the system of PVO and PRO can be the 
suppression of radar bombsights, means of radio navigation, means of 
control of air-to-surface and surface-to-surface rockets, and the 
realization of radar jamming camouflage of covered objects. 


In land forces RPD can include the suppression of means of 
communication of the enemy in tactical and operational links, its 
electronic reconnaissance stations, means of control of surface-to- 
surface and air-to-surface rockets and antiradar camouflage of objects 
and others. 


Electronic reconnaissance as a method of obtaining information 
on radar means of the enemy is the most important component part of 
RPD. Without electronic reconnaissance it is impossible to organize 
effective jamming. 


Furthermore, electronic reconnaissance has an independent 
importance in being a component part of air or combined arms 
reconnaissance. In the book the main attention is given to methods 
and means of jamming and electronic reconnaissance intended for the 
application by their aviation for the surmounting of PVO of the enemy. 
Problems of RPD, realizable in the interests of PVO are partially 
examined. 

The first information on the deliberate creation of radio 
interference pertains to the Russian-Japanese War. The commander of 
the Russian cruiser "Ural" proposed to the commanding squadron 
Vice Admiral Z. P. Rozhestvenskiy to suppress by radiation of the 
onboard radio station the radio link of the Japanese reconnaissance 
cruisers which followed at a short distance from the Russian squadron 
and transmitted information about its movement. However Z. P. 
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Rozhestvenskiy did not resolve this and thereby permitted scouts of 
the enemy to transmit freely to the highest command of the Japanese 
fleet information about the combat formation and coordinates of ships 
of his squadron. 


In the course of the Tsushima Battle forward commanders of { 
individual ships by their own initiative applied interference of 
radio communications. Thus, for example, interference was created by 
the cruiser "Izumrud" and torpedo boat "Gromkiy." 


During the period of the First World War radio reconnaissance 
and the monitoring of conversations by radio found widespread use. 
However, the wide development of special equipment of radio inter- 
ference and radio reconnaissance started to come about only during 
the Second World War. In this period there was already being carried 
out a systematic and mass application by the English and Americans of 
radio interference for the purpose of the suppression of radar of the 
PVYO of fascist Germany. In 1943 the English used passive interference 
(metallized strips) against German gun-laying radars. In the same 
year on the aircraft of Great Britain there was installed a noise 
jammer to gun-laying radar [SON] "Wiirzburg." The creation of 
interferences was facilitated by the standardization of the German 
radar, which amounted by then to about 5000. : 


The majority of radio engineers of Germany during 1944-1945 were 
engaged in the development of attachments to radar of the gun-laying 
"Wurzburg" for combating passive interferences created by means of 
ejection from aircraft of metallized paper strips. There was developed 
an attachment of alternating compensation. However, this attachment 
did not provide protection with great density of interferences. 


Radio misinformation (the transmission of ‘false instructions in 
the guidance system of destroyers) was widely applied. 


In contemporary conditions of high saturation of PVO and PRO by 
electronic means and the immeasurably increasing strike shock force 
of rockets and aircraft, the role and importance of RPD are especially 
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great. Already at present without the application of Jamming, the 
probability of surmounting the PVO of the enemy by a single aircraft 
is very low. 

Potential possibilities of electronic means are such that in 
principle it is possible to expect the mass introduction of systems 
providing just as successful interception and intercontinental 
ballistic missiles. Thus, there is basis to recognize as real the 
creation, with the help of electronic means and controlled weapons of 
destruction, of a reliable "dynamic shield" covering the territory 
of the country or its important objects from strikes of aircraft and 
rockets. The surmounting of this shield by means of application of 
only weapons of destruction for destroying its electronic links in 
principle is not a radical method of solving the problem, inasmuch as 
each such weapon of destruction can be revealed and destroyed as 
any other means of air attack. The basic method of surmounting the 
"dynamic shield" is to disrupt the control system by means of changing 
the quantity of information circulating both in its different links 
and in the entire control system as a whole. This can be achieved, 
mainly, with the help of jamming and also a maneuver combined with 
RPD. ; 


In virtue of the logic of armed combat development of the means 
and methods of jamming produced by counterjamming, into the problem 
of which enters the development of methods and lowering the effec- 
tiveness of RPD, which provides the possibility of obtaining infor- 
mation with the help of electronic means under conditions of RPD and 
the organization and application of means of RPD hampering the enemy. 


The combating of methods of jamming and counterjamming comprises 
two sides of a conflicting situation, which is sometimes called 
radio war. A characteristic peculiarity of radio war is its high 
dynamicism which is caused by a strong dependence of methods of 
jamming and counterjamming on countermeasures of the enemy. Success 
in radio war is achieved by superiority over the enemy in the quantity 
and quality of radio electronic technology and skill] of its combat 
application. 
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Thus, in the contemporary stage of development of methods of 
armed combat, electronic means have become weapons in the literal 
meaning of the word — weapon of radio war. 


The determining character of the influence of Jamming on the 
effectiveness of combat actions of aviation requires in the examining 
of concrete methods and means of RPD an appraisal of the change in 
combat effectiveness generated by them. At the same time, a correct 
solution to operational and tactical problems in contemporary 
conditions can be given only by taking into account both jamming and 
counterjamming. 
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Designations for Chapter 1 


Jamming 

antiaircraft defense 
electronic systems 

fighter aircraft 

theater of operations 
command radio control link 
antiaircraft guided missiles 
computer : 
gyrostabilized platform 
target 

automatic direction tracking 
actuator 

data removal device 

rate gyroscope 

effective Scattering area 
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PIC -—- radar 
TIC - PS 
NW - PP 
PII - RP 
C34 - SZCh 
BI - BPP 
OY - OU 
C3 - SZ 
ll - ISh 
y-0 - U-0 
IlY - PU 
COMA - SFMI 
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Designations for Chapter 2 


(when appearing as a subscript) 


covered aircraft 

jammer 

reconnaissance receiver 
frequency normalization circuit 
jamming transmitter 

final amplifier 

delay circuit 

thyratron, noise diode 
broad-band amplifier-limiter 
threshold device 

modulating pulses 


xvii 











Designation for Chapter 3 





OY - OU — final amplifier 
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Designation for Chapter 4 


PCH — RSN — equisignal direction 
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Designation for Chapter 5 


time discriminator 
delay circuit 

strobe pulse generator 
frequency memorization circuit 
final amplifier 
receiver 

delay line 

control unit 
oscillator 

mixer 

1-f amplifier 

doppler filter 
narrow-band filter 










reactance tube 
discriminator 
tw tube 
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PIL 
ov P 
['CH 
KPY 
CPI 
IIpz 
Tipm 
Al 
VK 
XN 
C3Y 
ve 
OY 


RPD 


-ZUR 


GSN 
KRU 
SRP 
Prd 
Prm 
DSh 
IK 
KhIP 
SZCh 
UU 
OU 





Designations for Chapter 6 


jamming 

guided antiaircraft missiles 
homing device 

command radio control link 
computer 

transmitter 

receiver 

decoder 

actuating code 

random pulse interference 
frequency memorization circuit 
control unit 

final amplifier 
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nn 
TIC 1 
AT 
Hr 
Mr 
TIpM 
MKO 
13 


re 
PS 
AP 
KG 
MG 
Prm 
IKO 
LZ 


Designations for Chapter 7 


interference producer 
covered aircraft 
duplexer 

coherent oscillator 
local oscillator 
receiving device 

plan position indicator 
delay line 











Designations for Chapter 8 


NY - PU - preamplifier 
OY - oU - ‘final amplifier 
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Designations for Chapter 9 


No explanation needed. 


| 
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TIPM 
AH 
¥30 
TY 
BU 
YBY 
CM 
YTS 


YHO 
APY 


on 


PJ 
rl 
3. 
YiC3 


PRM 
AN 
UZO 
TU 
VTs 
UVCh 
SM 
UPCh 
VU 
ChR 
UNCh 
ARU 
Shu 
FD 
ChD 
RL 
GP 
ZG 
ISZ 





Designations for Chapter 10 


receivers 

analyzer 

unit for storage and processing information 
telemetric device 
input circuit 

high frequency amplifier 

mixer 

intermediate frequency amplifier 
video amplifier 

frequency scanning 

low frequency amplifiers 
automatic gain control 

wideband amplifier 

phase detector 

frequency discriminator 
reactance tube 

jamming generator 

master oscillator 

artificial earth satellites 
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CHAP T ER ng 


| CRITERIA OF THE EFFECTIVENESS OF MEANS AND METHODS OF JAMMING 


y 1.1. General Characteristic of the Criteria 





In general jamming [RPD] by electronic means of antiaircraft 
defense [PVO] can be attained by the following ways: 


— creation of radio interference (active and passive jamming 


false targets); 


| — change in electrical properties of the medium (ionization of 
space, the creation of absorbing and dispersing media); 


| — change in dispersing properties of the object (decrease in 
effective area of scattering, jamming camouflage). 


Active jamming is created with the help of transmitters tuned to 
frequencies of suppressed electronic means, which are specially 
modulated in reference to specific objects of suppression. Inter- 

ference signals can provide camouflage of the desired signal or its 
- imitation. Accordingly camouflaging and simulating interferences are 
distinguished. Active interferences can also lead to a change in 


converting properties of appropriate electronic links. 


Passive jamming is created at present by ejecting a large 
quantity of dipoles, effectively dispersing electromagnetic waves. 
The power of the signal reflected from the cloud of dipoles can 
considerably exceed the power of the signal from the aircraft. 
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False targets — radar traps - are aircraft (rockets) launched 
from aircraft or the ground having quite high effective areas of 
scattering. The latter is attained by application of special 
reemitters (passive or active). 


The deliberate change in electrical properties of the medium can 
be achieved both by creating of artificially fonized regions and by 
inserting into the medium different absorbing and dispersing impurities 
(for example, smoke). The anomalies created cause in regions of 
their appearance disturbance of the usual conditions of the propaga- 
tion of radio waves. 


A change in dispersing properties of the object is attained by 
the application of various kinds of radar jamming coverages and 
reemitters of electromagnetic energy, as a result of which the 
detection of targets either becomes impossible or is hampered. 


The means of jamming (radio interference, change in properties 
of the medium, decrease in radar contrast), as a result of their 
application, do not lead to material destructions and can only change 
the quantity of information circulating in the object of action. A 
change in the quantity of information passing through the electronic 
links leads to a change in the quantity of information in the whole 
control system, which in the end lowers the combat effectiveness of 
means of destruction of PVO serviced by the system. This essentially 
reflects the basic principle of RPD — a decrease by electronic methods 
of the combat effectiveness of means of destruction of the enemy by 
changing the quantity of information in his control system, 


Consequently, to understand the general principles of RPD and 
determine the criteria of an estimate of their effectiveness, it is 
necessary to determine the depenc ice between parameters of RPD 
means and the degree of their influence on combat effectiveness of 
suppressed electronic systems [RES] of the enemy. 


Two groups of criteria were determined — information and 
operational-tactical. 
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Information criteria permit estimating the quality of concrete 
interference signals and the quality of measures undertaken for 
applying information damage to the enemy. 


Operational-tactical criteria are initial in the development of 
principles of armament by means of jamming. They permit estimating 
the quality of measures undertaken for the organization of jamming 
in combat and operation. 


1.2. Information Criteria 


Depending upon the form of interference signal and class of 
suppressed electronic means, different information criteria can take 


place. 


It is convenient to estimate quality of masking interferences 
to radars cperating in conditions of scanning with the help of the 
entropy of the interference signal. The expediency of such a 
criterion of the quality of the given form of interference signal can 
be shown in the following way. 


Masking interference signals should exclude the possibility of 
detection of the desired signal with a probability exceeding the 
rated value under certain limiting conditions. An indispensable 
condition of the correct functioning of systems of information 
security known to the present time is the a priori knowledge of the 
desired signal. The degree of this knowledge can be diverse, but 
nonetheless certain a priori information on useful signals, and about 
laws of the distribution of particular forms of signals belonging to 
the given class should be always known. Otherwise, it is impossible 
to ensure the efficiency of the information system. 


Ideal masking interference signals should create such conditions 
at which a posteriori after reception of the useful signal, the a 
priori uncertainty in the system of information security was preserved. 
The indicated property of masking interferences should take place 
over a prolonged time for different electronic means of a given class. 
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The given circumstances exclude the possibility of the epplication 

for these purposes of determined signals, inasmuch as they will be 

easily identified by the enemy and therefore cannot increase the 
indeterminancies in the system. Moreover, by comparatively simple 

technical procedures the determined interference signals can be 

eliminated, 1.e., they possess low potential possibilities of 

camouflage (with the exception, perhaps, of such cases when their - 
power is extraordinarily great). In other words, masking interference 
signals should contain an element of uncertainty. The greater the 
uncertainty of the interference signal at the assigned limitations, 
the less the potential possibilities for the enemy to eliminate it 

and with greater uncertainty the enemy inust make a decision. 


As is known (1, 2], the measure of uncertainty of a random 
variable or random process is entropy. 


In the case of the discrete distribution of random the variable, 
described by the full finite probability scheme [2]: 


_/M,...™...M, 
Homa) 


where Nl, — value of the random variable; Py —- probability of the 
fact that value ql, will take place; 


entropy H(Il) random variable I] is determined by formula 


iz} 


a 
| H()=--)) P, log Py. Cass) 
Other things being equal, among the camouflaging interference signals 
the best is that one whose entropy is greater. 


If the random variable X is described by the continuous law of 
distribution with density p(x), then its entropy 








+@ 


H(X)=— i p(x) log p(x) dx. - | (1.2) 


Accordingly, for the random variable characterized by multidimensional 
density of distribution p(x); Unttes x): 


H(X)=— i wale P(X a0 see, Xn) LOG p(y, 00-5 Xn) AX, rd xXq. (123) 
-o —0o 


The introduction of entropy as a characteristic of the quality 
of masking interference signals permits estimating potential possi- 
bilities of interferences regardless of the concrete methods of their 
treatment in suppressed devices. A direct characteristic of quality 
of the use of available power for the creation of masking interferences 
(creation of uncertainty) is the entropy power of the interference 
Signal. This idea is discussed in detail in the second chapter. 
Let us note that the applicacion of entropy of interference signils 
permits estimating to a certain degree. their potential interference 
possibilities. 


The quality of the simulating interferences and false targets 
can be estimated in the following way. The true target 1s charac- 
terized by a certain large number of independent parameters. These 
parameters can be accepted as coordinates of the multidimensional 
space. The signal of a corresponding target can be represented in 
the form of a vector in this space. Thus the true target can be 
brought to conformity as the vector of criteria (a, eicr hae ans 
where Aye sees OA — independent parameters quantitatively character- 
izing the indicated criteria. 

LY Gps sees Oy would be completely determined values, the problem 
of the creation of false marks would lead to a corresponding repro- 
duction with the help of the interference device of components of 
the vector of criteria. 


For real targets each of criteria a, can constitute either a 
random variable, distributed over great number of true targets, or 








a random time function for each given tarret. 


In other words, on a certain part or on all independent para- 
meters (components of the vector of criteria) there is assigned the 


probability distribution 
! N 
a= eae see ° 
Py. Py 


nN 
VPy=1. 


Jal 


dere P; — probability of the k-th criterion takes the value a. 
The indicated circumstance makes necessary the introduction of 
uncertainty into the vector of criteria describing the false mark 
(target). 
In other words, it is necessary to assign, in the appropriate 
way, the probability distribution to corresponding components of the 
vector of criteria of the false target. 


Let us assume that great numbers of true targets I/M of the 
given class and false targets of the same class I[/Il each contain m 
elements (LU/H, ..., Un/H), (L/J1, ..., Un/JI) , and let us assume that 
there is known a priori the probability distribution on great numbers 
of U/W and U/l, which form the full probabilistic scheme assigned on 
the assumption that the target is represented by the k-th criterion: 


ye (OM... UM . 
oy (e. (UU)...Pinn um) 


y y= ; 


jal 


An analogous probabilistic scheme can be recorded for a great . 
number of false targets. Each of the indicated probabilistic schemes’ 
brings into conformity the entropy determined under the condition 
that both the true and false targets are represented by k-th criteria, 
i.e., that for both true and false targets the full probabilistic 
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scheme a. The quality of reproduction T(1I, Al) of the true target 
with the help of the false target, represented by the k-th criterion, 
can be estimated by the difference in conditional entropies — 
conditional entropy of the false target HU, 1), represented by the 
k-th criterion, and the conditional entropy of the true target, also 
represented by the k-th criterion: 


1 (Un/JT) = Hf (Un /J1) — H (11, /M). (1.4) 
Here 
" m 
H(WU,/1)=— y P,; (a/1)¥ Ps; (Uy/JT) log Pye (LLe/M); (1.5) 
jul . bal : 
" au 
H (a/M) = — J) Ps (ea) Pi (LA) tog Py UL (1.6) 


. jal tal 


Py (a, /) — gonditional probability to the k-th criterion of the 
false target takes the value ad (4 m1 Sy 6 ee NG Me LS 25. ae we TS 
Py Ca, /M) — conditional probability of the k-th criterion of the true 
target takes the value ad ; P54 (HI) — conditional probability of the 
presence of the i-th false target with the corresponding criterion 
taking the value ad /I; Py (Uy) — conditional probability of the 


presence of the ith true target with the given criterion taking the 


value ad M1. 


Frequently it is convenient to present the quality of reproduction 
with the help of the difference in conditional entropies obtained by 
averaging not with respect to the probability distribution into 
regions of the determination of one the criteria, but by averaging 
over @ great number of targets . Then in virtue of the symmetry, 
we will obtain 


1 (Un/J1) = H (J1/Ua) — H (A/a), (1.7) 
where 
m N 
H (11/U,)=— ‘, P; (L/S P41 (an/J1) log Ps (an/J1); (1.6) 
ry j=l 





il cit ce mt em 





m a” 
H (U/Ua) = — Wi Pg (Us /H) ¥. Py: (ant) log Pj (4/1). 1.9) 
int j=l ( 


The equality of conditional entroples 
H (J1/Uy) == 4 (Ua) 


is a necessary and sufficient condition so that the false target would 
completely present the true one by the k-th criterion [3, 4]. 


A convenient characteristic of the discernibility of two 
hypotheses and also of the quality of imitation of the true target 
with the help of a false one is the so-called divergence of Kul'bak 
{[Translator's note: Western spelling could be Koolback] [3, 5]. 


It permits qualitatively estimating the quality of description 
of the true target represented by the vector of criteria Uy, (2), ae a) 
and full probabilistic scheme for discrete values of each of the n 


at -( hth af ) 


P, (0) /H)... P(e} /A)... P (et /) 


criterla 


with the help of the vector of criteria of the false target Lj(a,,..., 


an), the components of which are described by the corresponding full 
probabilistic schemes 


| af areNe “ ef 
; P(sh/M)... Ph /A)... PCat jn) 


In accordance with the accepted designations the Kul'bak diver- 
gence (distance between hypotheses) is recorded in the following way: 


Diva =F Pila P Ps (ea/H) 
pee 4(an/) — P5(an/M)] log So Hy * (1.10) 








For indiscerible targets cr identical descriptions, when 
P;(ay/V) = Py (a,/J1), the Kul'bak divergence turns into zero. 


The Kul'bak divergence will be compared favorably with the 
entropy measure by the fact that it permits obtaining simpler calcu- 
lation formulas in the case of normal laws of distribution. The 
Kul'bak divergence is completely determined by a,posterniori distri- 
butions. 


The aforementioned formula for the Kul'bak divergence (1.10) can 
be: obtained by the following reasonings. Let us assume that there is 
assigned the a priori probability distribution of discrete values of 
one of the components of the vector of criteria P(a)) of the true 
target, and let us assume that the a posteriori probability distri- 
bution of discrete values of this criterion for the following two 
alternative hypotheses is also known: the criterion corresponds to 
the true target P(a,M), and the criterion corresponds to the false 
target (mark) P(a, Al). 


Then the quality of information Tar, aM) contained in value 
ay /I on value ay will be defined as the logarithm of the ratio of 
the a posteriori probability to the a priori probability. The base 
of the logarithm is selected different, depending upon what units of 
measurement of information are preferred to be used [6]: 


1. -- Biel M) 
1 (ag; @, M) = log Ply” Ci.21) 


There will similarly be determined the quantity of information in the 
random variable ay /I, which refers to the false target, on the random 
variable an: 


Th «, /11) = log Peay (1.92) 
P(a@,) 

The difference of (1.11) and (1.12) will determine the measure of 

conformity of the false target by the ture, if they are both repre- 

sented by lhe random value .of fone of the components of the vegtor 

of criteria: 








P (a, /M) 
P(e, /AY 


1 (a4; 9) /M)— 2 (a! s0! 1) = log (1.13) 


More accurately this difference determines the quantity of information 

Included in the random variable uh in favor of the hypothesis about 

the fact that the given target is the true one as compared to the 

alternative hypothesis (false target). If we average the obtained 
value of difference (1.13) over all possible values ay separately for 
the probabilistic scheme of the k-th criterion of the true target and 
the same criterion of the false target, then accordingly we will 
obtain the average quantity of information in favor of the hypothesis 
about the fact that the given criterion represents the true target. 


‘'herefore, 


N . 
P («i /M) log —~ 
y ) Pea) (1.14) 


is the average quantity of information included in the random variable 
ay in favor of the fact that the identified target is true at the time 
when this corresponds to reality. Similarly 


P(e /M) 


N 
P(e! (1) kc 
y (%, 8 Fl im 


i=} 


(1,14a) 


i 
is the average quantity of information, included in the random vari- 
able ay in favor of the fact that the identified target is true, 
whereas in reality it is false. 
The difference between (1.14) and (1.14a) is equal to Div ty. 
[see (1.10)]. It determines the value of divergence between alterna- 
tive hypotheses relative to the situation described by the k-th 
component of the vector of criteria. 


In virtue of the independence of a priori probability distri- 
butions, the divergence of alternative hypotheses is a very convenient 
criterion of quality not only of simulating but also masking inter- 
ferences. In order to apply this criterion of quality for masking 
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interferences, it is necessary to know the conditional a posteriori 
probability distribution for the realization representing only the 
interference signal p(x, Ponts x /Ml) and realization containing a 
mixture of interference and desired signals p(x), ety x/C). If 
multidimensional densities of distribution are differentiable and are 


determined on the whole real axis, then 


S oo a aoe Re 6° EE Be SE ae wisice: - r 
Div Nic = f-- (P(x, .+6) XafC) — 
: — =O C a 
— P(t oo, afl) log PE 200) de, dy (1.15) 


The convenience of the aforementioned information criteria of 
the quality of interference signals consists, first of all, in the 
fact that for the developer of interference means in practice there 
is always the necessary information for carrying out concrete calcu- 
lations according to these criteria. 


A special advantage of the examined information criteria, as was 
already noted earlier, consists in the fact that they permit estimating 
the quality of interference signals without a tying to the concrete 
suppressed devices and principles of the acceptance of the solution 
by the enemy under conditions of interferences. In order to apply 
these criteria to estimating the quality of simulating interference 
signals and false targets, it is necessary to know the a posteriori 
estimators of the latter. 


1.3. Power Characteristics of Interference Signals 


An important power characteristic of interference signals is the 
coefficient of suppression. Sometimes the coefficient of suppression 
is called the power criterion of the quality of interference signals. 
It is, however, expedient to examine the coefficient of suppression 
not as an independent criterion but as a power characteristic of the 
assigned interference signal and suppressed means. 


By the coefficient of suppression is understood the minimum 
necessary ratio of energy of the given interference signal to the 








i: Sea ee eS ee me OSererere Hn en 


energy of the useful signal at the input of the receiving device of 
the suppresses RE.: in the passband of its linear part at which the 
assigned information loss takes place!?. 


The information loss generated by the action of interferences 
appears in the camouflage, simulation and formation of errors and 
breaks in the entering of information and others. The character of 
the information loss depends on the: form of tke interference signal 
and suppressed means. 


The assigned (acceptable in a certain meaning) information loss 
is determined preliminarily with the help of operational-tactical 
criteria. 


In many cases the useful signals can be examined as pulses of 
rectangular form (especially in radar). In these conditions it is 
convenient to express the coefficient of suppression in terms of the 
ratio of powers of the interference and useful signals at the input 
of the receiving device: 


(Ban a2 


Here Py — power of the interference signal; Po — pulse power of the 
useful signal. 


For example, for white Gaussian noise, P._ is equal to the 


n 
product of its spectral density G on the passband of the linear part 


of the receiver Afnp» Oe, Ba 
P, = GAfzp. 


In the case of pulse interferences P, is the power of the inter- 
ference pulse if it has rectangular form. 


IThe therm "coefficient of suppression" was proposed by 
B. D. Sergiyevskly. 


le 








If the useful signal is a continuous oscillation of constant 
amplitude, which takes place, for example, with frequency or phase 
modulation, then by P. instantaneous power of the signal is understood. 


Subsequently we will use determination (1.16). The concept of 
the coefficient of suppression in the form of the minimum necessary 
ratio of powers of interference and useful signals can be used for 
signals of arbitrary form if by Pa and Be the mean values of powers 
during the time equal to the average duration of the signals are 
understood. Numerical values of the coefficient of suppression can 
be found only for the assigned interference signal and assigned 
suppressed device. 


Thus, the power criterion in contrast to the information criterion 
requires knowledge of concrete characteristics of the suppressed 
systems. 


If the system is well-known, it can be suppressed with lower 
power consumptions by applying appropriate interference signals, not 
certainly optimum in the information criterion. 


When probabilistic characteristics of interference and useful 
signals are known, and characteristics of the conversion of the 
signal and interference in the electronic device are known, then one 
can determine the minimum necessary power relationships with the help 
of the theory of statistical solutions. In particular, for masking 
interferences the coefficient of suppression is found in two stages. 
Initially, with respect to information criteria, the best quality 
of the interference signal 1s provided. After that for the signal 
optimum with respect to the information criterion is the coefficient 
of suppression by it of the given electronic device. The obtained 
numerical value of the coefficient will be approximate, and the 
degree of approximation for different criteria of acceptance of the 
solution will be different. 


As is known [7, 8], the choice between two alternative hypotheses 
(interference or signal + interference) on the basic of consideration 
of the given selection (realization) of random voltage (current) 
obtained on the interval of observation (0, T), which is the sum of 
the useful and interference signal, can be performed with the help of 
a number of criteria (Bayes, minimax, Neumann-Pearson, Kotelnikov- 


Zigert and Wald). In all criteria the solution is taken according 
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to the mapnitude of the bikeithood ratio 


F ome Ps (Op 0000 Op 
N(Ouy «+ oy Op) Penns Bad (1.17) 
where Py (Vv); Cases We) and Pg (vy; Pic vo — multidimensional density 


of the distribution of voltage (current) taking place accordingly in 
the case of the additive mixture of the signal and noises and only 
one noise. 


In making the choice between the two alternative hypotheses with 
respect to the given selection, the one making the decision can allow 
tn error of two kinds. 


Error of the first kind (false alarm). It is assumed that the 
second hypothesis (interference + the signal takes place) is correct 
when the first hypothesis (only interference takes place) is correct. 


Error of the second kind (passing of the target). It is assumed 
that the first hypothesis is correct, whereas the second hypothesis 
takes place. 


To take the solution in this case means to determine the borders 
of region Ro of values of parameters of the selection (realization) 


Vyo sees Vis which correspond to the first hypothesis, and borders 
of region R, of values of these parameters corresponding to the 
second hypothesis. 


The probability of error of the first kind (probability of false 
alarm) Q9 will be determined by means of integration over region R} 


of the density of distribution po(vj, «++, Vy): 


Q= { ralrs ooty On)do,. ..d0n. (1,18) 
8 

The probability of error of the second kind (probability of 
passing Q, will be determined by means of integration over region Ro 
of the density of distribution Py (vy; ee v,) 


| a=f Pr(O1, 000, Un) dv,...dUn, (1519) 


Depending upon the applied criterion the likelihood ratio is 
selected in order to ensure probabilities of errors of the first and 
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second kind acceptable by certain considerations. In order optimally 
to make a choice between two alternative hypotheses ("only interfer- 

ence"="interference + signal") with the help of the Bayes criterion, 

the one making the decisions should know the average risk 


C=, 0 (R,) +- (1 — 8) C,Q, (R,), (1.20) 


where € — a priori probability of the correctness of the first 
hypothesis (only interference); (1 - &) — a priori probability of the 
correctness of the alternative hypothesis (interference + signal); 

Cy - cost of error of the first kind (false alarm) expressed in 
arbitrary units of measurement (it can be expressed in rubles); C) = 
cost of error of the second kind (passing of the target), expressed 
in the same units of measurement as those of Co: 

The observer, using the Bayes criterion, selects the border 
between regions Ry and Ry in such a way in order to ensure the 
minimum of average risk C. The likelihood ratio corresponding to 
this condition is called threshold and is denoted by A 


0° 
Ny(O,, «+ +s On) = ee (1.21) 


The magnitude of the threshold value of the likelihood ratio in 
the case of one-dimensional random variables Po lv) and p,(v) is 
found by means of differentiation of the expression for the average 
risk with respect to Ro 2 V5: The formula for the average risk with 
the choice between two alternative hypotheses on the basis of analysis 
of two random variables which are represented by one-dimensional 
laws of distribution Poiv) and P,(v), has the form 


C=C, { p.(0)do+(1—2C, f P, (v) do. (1.22) 
De == 


Here Pov) — density of distribution of the random vartatle v if 
the first hypothesis is correct; Pp, (v) — density of distribution of 
the random variable v if the second hypothesis is correct. 
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Differentiating C with respect to Vo and equating the derivative 
to zero, we will define the conditions at which minimum C is ensured. 
Existence of the minimum is easily proven by direct analysis of the 


formula for the average risk (1.22). 
It turns out that Cory, if 


(00) , 
Peay Tye Me). 


(1.323) 
The quantity Ay (vg) in the given example is the threshold value of 


the Likelihood ratio 
A= Bi, 
Pelv 


The observer, in using the Bayes criterion, functions in the 
following way. According to the accepted realization likelihood 
ratio A(vy; bons 5 v? is determined, which is compared with the 


threshold value Ag(vy; ee Vy) 10 3 
A(o,, eee On) <A, (2,, eve On), (1,24) 


then the first hypothesis is taken, otherwise, the second hypothesis 
is taken. 


The threshold value of the likelihood ratio can be brought into 
conformity by the ratio of energy of the useful signal to the energy 
of the interference signal. This ratio in radar is called the 
coefficient of discrimination. 

The one creating interferences or developing the interference 
equipment must be interested in such ratios of energy of interference 
and energy of the signal (if the question is masking interferences) 
at which inequality (1.24) takes place. The threshold value of the 
likelihood ratio can also be brought into conformity by a certain 
value of the ratio of energies of the interference and useful signals, 
which should be examined as the minimum necessary. This minimum 
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necessary ratio, with certain additionally imposed limitations, which 
was discussed earlier (account of the passband of the linear part of 

the receiver), determines the coefficient of suppression. It is easy 
to see that the coefficient of suppression for masking interferences 

is reciprocal of the coefficient of discrimination. 


Numerical values of the coefficient of suppression are determined, 
as a rule, approximately, inasmuch as those valves creating inter- 
ferences are the unknown accurate values of coefficients Co and Cy 
also a priori probabilities € and(l - —) on which the suppressed 


side is ortented. 


The a priori probability &€ can be unknown and suppressed to the 
side. Then the one who makes the decision must make different 
assumptions about the enemy. One of the variants of such reasonings 
leads to the so-called minimax criterion the essence of which can be 
clarified in the following way. 


Let us assume that the one making the decision on the suppressed 
“ padar does not know the a priori probability &€ and arbitrarily 

selects € = fi In this case the value of the average risk for the 
one making the decision will be determined by formula (1.20), recorded 
for one-dimensional distribution, in which instead of Q (vq) and 

Q1 (vo) it is necessary to substitute their values corresponding to 

the accepted value of the a priori probability € = ei: a 


‘.. The indicated substitution is conditioned by the fact that 
quantity Vo» minimizing the average risk C(vo)s in virtue (1.23) is 
determined by value & = 3: 


CR,)=t,C, loo RC —%,)C,.Q, [v. tl. (1.25) 
, ; ” 
In the case when the value of the a priori probability Ets not equal 
to bie the value of the average risk can appear both considerably 
more and less than C(E,). 
Figure 1.1 shows the approximate dependence of the average risk 
C(—&) on the a priori probability &. Every point of this curve is 
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Fig. 1.1. Dependence of 
average rick (C) for the 

one making the decision on 
the a priori probability & 
in the case of the Bayes and 
minimax criteria. 


the minimum average risk corresponding to the given value of the a 
priori probability €. The selected value aT on the axis of the 
ordinates corresponds to the minimum value of the average risk 
C(é,). If the value of the a priori probability &€ is not equal to 
a according to which there is carried out the minimization of 
average risk C(E,); then the corresponding average risk C'(&) will 
be determined by ordinates of points of a straight line tangent to 
curve C(E) at point Ey 16.2% c'(é,) = C(é,). The equation of this 
straight line is obtained from formula (1.25) if in it instead of 
factors at and (1 - E,) there is respectively substituted € and 
Cle 167% 


C' (é) = C.Q, |v. (&,)[-+-«1 —€) CQ, [uv ,)j. { 1 3 26 ) 
jin order not to allow lossés greater than C(Eo) corresponding te 
’ -_ - 
the maximum of curve C(E), the one making the decision should be 


oriented on the value of the a priori probability & = bo: In this 
case the straight line, which determines values of the average risk 
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C'(Eq) for values € # £), will be parallel to the axis of the 
abscissas, i.e., the average risk at any values of & will not exceed 
C(Ey). Inasmuch as CE) is the minimum average risk corresponding 
a priori to probability & = bo and, furthermore, the maximum among 
all minimized a priori probabilities of average risk, it was agreed. 
to call it the minimax average risk. Later this term will again 
be encountered in connection with the consideration of certain 
theoretical game problems. 


In order to. find the threshold value of the liklihood ratio and 
boundary value ad corresponding to it for the minimax criterion, 
it is necessary to differentiate the expression for average risk 
(1.22) with respect to & and equate the derivative to zero. The 
obtained transcendental equation 


CQ. (%) = CQ, (0,) C127) 


permits finding the sought value Vo corresponding to the maximum of 
the minimized average risk and determining the threshold likelihood 
ratio 


A= ied 


It is obvious that, being oriented on tha a priori probability €& = Eo» 
the one creating interferences assumes work in conditions most 
profitable for himself . The coefficient of suppression corresponding 
to 59 can appear smaller than for any other values of €. 


Application of the minimax criterion does not remove the 
uncertainty in calculations of the coefficient of suppression, inas- 
: much as the interferences, as a rule, are unknown values of costs 
| Co and Cy on which the suppressed side is oriented. 


The Kotelnikov-Zigert criterion ("ideal observer") assumes the 
equality of costs of errors of the first and second kind (Co = C,). 
In this case minimization of the average risk is equivalent to 
minimization of the full probability of acceptance of an erroneous 
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The "Sdeal observer" selects the border between regions 


decision Pail : 
Ko and Ry in such a way in order Lo minimize the average probability 


of an erroneous decision 


Pom =, +(1 —8Q,. (1.28) 
The Kotelnikov-Zigert criterion is applied in systems of radio ‘ 


communications. 


Just as in the case of the Bayes criterion, the one organizing 
the interferences, in calculating the coefficient of suppression by 
the criterion of the "ideal observer," can allow an error in virtue 
of the inaccurate knowledge of the a prior! probability &€, on which 
the one being suppressed is oriented. 


If in radio communications it is permissible to estimate equally 
errors of the first and second kind,. then in radar the false alarm 
and passing of a target are events of fundamentally different 
significance. Furthermore, in radar there are encountered difficul- 
ties with determination and often with simple interpretation of a 
priori probabilities. In virtue of the indicated circumstances in 
radar the basic criterion for determining of the threshold likelihood 


ratio and coefficient of discrimination corresponding to it is the 


Neumann-Pearson criterion. 


The Neumann-Pearson criterion requires to select so the boundary 
between regions Ro and Ry in order to provide a minimum of probability 
of the passing of a signal at the assigned probability of the false 
alarm. Mathematically the problem is reduced to the determination of ‘ 
the conditional extremum of the function of many variables Q, (vy, AMena ys 
v2 with a limitation of the form 


Q.(0, coo, On) =const, 


The conditional extremum is usually found by the method of indefinite 
Lagrange multipliers. In the examined case of one limiting condition 
the initial linear combination has the form 
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Q, (Ri) + 2Q, (R,), ( a lige 29 ) 
here X}4 — indefinite Lagrange multiplier. 


0 and Ry in 


such a way in order that the minimum of the linear combination (1.29) 


It is necessary to find the border between regions R 
is ensured. 


The linear combination (1.29) coincides with the expression for 


the average risk (1.20) if one were to assume Cy = 2k, C) = 2, and 


—& = 1/2. Earlier it was established that the minimum of average risk 
takes place if the border between regions Ro and Ry is selected so 
that equality (1.23) for the liklihood ratio takes place. 


If equivalence of expressions (1.29) and (1.20) takes place under 
the conditions indicated above, it is possible simply to affirm that 
the minimum of the linear combination (1.29) will take place when the 
border between regions Ro and Ry will ensure the fulfillment of the 
following equality: 


P(e Pecee Ca). 





=A,(0,, ..., On) == a. (1.30) 


Quantity AmAo(v,.... Wn) 1s selected in such a way in order to ensure 
the rated value of probability of the false alarm 


= [sad (1.31) 


The last formula directly follows from equation (1.18) if one were to 
consider that the likelihood ratio M(vy5 coe vi is the random 
variable, which varies from realization to realization under the 
condition of correctness of the same hypothesis, namely, the hypothesis 
cn the fact that only interferences take place. 


The density of distribution Po (A) can be determined if one were 


to consider that A is function Po(Vy> ae v» namely: 











a Arlt ...+ Me) 


A (9,, eee Up) PelOys ..-0 Om)” 





lt follows from this that with the correctness of the first hypothesis 


Pr (A)di = p,(0,, ..-, Un)do,... do. 


Further, with the help of equation (1.18), taking into account (1.30), 


we obtain formula (1.31). 


The Neumann-Pearscn observer functions in the following way. 
According to a given selection (realization) likelihood ratio A is 
determined. If A is greater than Nos determined by the assigned 
probability of the false alarm Q, with the help of formula ee 
then the second hypothesis is taken; otherwise, the first hypothesis 


is considered correct. 


The one creating interferences, in caiculating the coefficient 
of suppression in accordance with the Neuman-Pearson criterion, can 
allow error owing to the inaccurate knowledge of the value of the 
probability of a false alarm accepted on the suppressed side. In 


practical calculations of the coefficient of suppression one should 


never orient on the easiest conditions. The value of the coefficient 


of suppression should be selected with such calculation in order to 
provide suppression of the corresponding electronic means in condi- 
tions most unfavorable for the one creating interferences if the 
probability of the existence of such conditions is quite great (less 


tran 0 45). 


Naturally, the question arises as to the possibility of estab- 
lishing communication between the information criteria of the quality 
of masking interferences and criteria of the theory of decisions, 
which permit calculating the value of coefficients of suppression for 


a given form of the interference signal. 


Information criteria of the quality of interference signals and 


power criteria are different in their nature, and there is no direct 


functional dependence between them. However, the knowledge of 


ee 


ht es 
atte eR ee : 


en a ON A 


certain information criteria of the quality of interference signals 
imposes quite definite limitations on the possible range of values of 
corresponding criteria of the statistical decision theory. 


Thus, for example, with the assigned average probability of 
error Pom determined by the Kotelnikov-Zigert criterion maximum 
entropy is determined by the dependence [3, 9] 


Hyase (Pod —Pouwl0G Pom —(1 — Pou! log (1 — Pea) + 
F Pow tog (a — 1), (1.32) 


where n — number of eiements of the corresponding probabilistic 
scheme determining H\P),). 


The examination conducted indicates the necessity of the 
application in jamming of toth information criteria and criteria of 
the theory of decisions, in contrast to radar where preference is 
given to criteria of the decision theory. 


Criteria or the decision theory in radar are more ccnvenient, 
especially when the question is about the detection of the signal 
against a background of own noise, the estimators of which are known, 
the average risk or the permissible probability of false alarms can 
somehow be determined. 


HOwever, in the case of deliberate interferences with unknown 
a priori probability distribution, the application of these criteria 
is difficult. Even with electronic computers the likelihood ratio 
with a priori unknown distribution of interference is far “' om always 
determined. It is necessary to consider also that w.tei  -. ditions 
of deliberate interferences the decision on the ':¢se..ce ~. a2 target 
on the radar screen, as a rule, will be made by the operator. 


At present it is impossible to affirm simply that the operator 
estimates precisely the value of the likelihood ratio. It is more 
justified to consider that the operator is basically guided by a 
priori knowledge about the useful signal and interferences. 
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The miven considerations permit considering the information 


criteria acceptable characteristics of quality of the reception of 
sienals in radar occurring under the influence of organized inter- 
ferences. Even more justified is the upplication of these criteria 
for an estimate of the quality of interference signals. 
\ 

At the same time one should again stress the necessity to have . 
power characteristics of interference signals optimized by the 
information criterion, which allow producing appropriate calculations 
of interference means. 


bd 


1.4. Peculiarities of Criteria of the Quality of 
Interference Signals Intended for the 
Suppression Automatic 
Control Systems 


At present from the point of view of the one creating inter- 
ferences, all automatic control systems can be divided into four 
basic groups: 


deterministic; 


statistically defined; 


systems with adaptation; 
— game or minimax. 


We will refer to the deterministic as such control systems whose 
algorithm of functioning is known either a priori or can be determined x 
in the process of the creation of interferences, and, furthermore a 
yreat number cf. missible interference signals is known!. It, just 
as the algoritun +f functioning can be determined either a priori with 
the help of the equipment of electronic reconnaissance. 


1To the permissible signals pertain such interference signals 
which can have on the controlled object the same influence as the 
useful controlling signals. 





In conformity with the determination of the one creating the 
interference the algorithm of functioning of the deterministic control 
system is considered well-known. 


Usually the algorithm of functioning of the deterministic system 
constitutes the totality of ordinary differential equations describing 
the process of travel of the controlled object. In normal form the 
indicated system of differential equations has the following form: 


Se ere 5 
Tae SUR bpp: aA ER (7.33) 


Frahals, ooo Xn Uy, woes u,), 


Here Xpo sees Xm phase coordinates of the controlled object in n-th 


n 
dimensional phase space (they are unknown time functions); 


u a position of regulating units ensuring the possibil- 


yeocte 
ity of control of the object. 


On coordinates Ujp> +++» Uy, limitations are imposed. Each of the 
coordinates uj{j=1,..., r) should belong to a great number of per- 
missible controls U,g(uj@Us,), i.e., it cannot be more or less the 
certain extremal limits ujy,,<&ujSuUjpane. Functions LL. Se u,,,..,U,) 
are determined on all possible (for the given system) values of phase 
ccordinates x, (1 = 1, 2, ..., n) and values us(J ME Oe ace ge) 
belonging to a great number of perm'ssible controls. 


In the theory of optimum control [10, 11, 12] the quality of 


control is estimated with the help of integral functionals of the 
following form: 


ad ke Uy, . + 2 Uy) de, (1.34) 


Here G(x;, .... Xn3 M1, ... Ue) is a certain assigned function. 


For every permissible control uw, (t), .... Up(é), assigned on the 
time interval 4,.<t<7, the movement of controlled process is uniquely 
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determined, and the Integral functional corresponding to this movement 
uf the process takes a certain value. In other words, every permis- 
sible control during the time ¢,<¢S7 transfers the system from the 
{nitial phase state K, (ty) 4 = 1, 2) +ixy n) Into the final state 

x, (1), and by this transition of the system from one point of the 
phase space into the other the numerical value of the integral 
functional Q can be brought into a one-to-one conformity. 


Control u,(t), where Jj = 1, 25 «0, %,. 18 called optinum, if 1+ { 
{ts permissible and the outer limit of the functional 9 corresponds 
te ts 


Usually in the theory of optimum control rush we try to provide 
the minimum of the integral functional. For example, it is possible 
to require that the optimum control u,(t) provides a transfer of the 
system from one phase state into the other in minimum time. The 
integrand and integral functional will be converted accordingly: 


G(x,, @o eg Xne u,, eeeg u,)=1, 


r 
Q=(dt=T—t, (1.35) 
te 


In this case the control which is optimum in high-speed operation 
is indicated. 


Interference signals to deterministic systems of automatic 
control directly act on controls of the object and can be examined 
as permissible controls. Usually the power of the interference 
signal occurs considerably more than the power of the useful signal, 
and with action of the latter it can practically be not considered. 


Permissible controls generated by interference signals will be 
called interference controls. 







A great number of interference controls is determined by the 
form of the interference signals, parameters of interference equipment 
and the suppressed automatic system. In other words, it can be 
limited either by permissible limits of the deflection of controls 
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of the automatic system or by ensured possibilities of the inter- | 
ference equipment. | 


The criterion of the quality of interference control can be the 
same functional (1.34); however, the target of the interference 
control is different from the target of the usual (useful) control. 


If, for example, the usual control is to minimize the time of 
transition of the system from a certain point of the phase space into 
the origin of the coordinates (which, usually, corresponds to the 
minimum of the error of the system), then the interference control, 
conversely, tries in minimum time to transfer the system from the 
origin of the coordinates into such a point of the phase space which { 
corresponds to the sufficient value of the error with respect to the 
operational-tactical criterion. | 


By coefficient of suppression of systems of automatic control 
we imply the minimum necessary ratio of energies of the interference 
and useful signals at the input of the suppressed control system 
within limits of the passband of the linear part of the receiver at 
which the possibility of transferring the system from the origin of 
the coordinates into the assigned region of the phase space is 
provided. 


In practice it is far from always possible to form the optimum 
interference control. Often we are limited to interference controls 
providing in principle the transfer of the suppressed system of 
automatic control from the origin of the coordinates into a certain 
assigned region of the phase space. Such interference controls are 
called sufficient controls. In subsequent chapters of the book 
sufficient interference controls will basically be studied. 


Statistically defined systems differ from deterministic systems 


by the fact that parameters of suppressed systems are not accurately 
known to the one creating interferences, although the principle of 
the functioning of them is known anc laws of the probability distri- 
bution of possible values of parameters of these systems are known. 
An example of a similar kind of system can be a circuit of homing 





guidance with parameters of separate sections inaccurately known to 
the one creating the interference. 


Differential equations, describing the process of functioning of 
the statisticaliy defined system, are similar to the system of 


equaitons (1.33) with the only difference being that variables x t 


Std 
and Us entering into them will be random. The law of distribution 
f, = 1, 2, ..., n) is a priori known. The criterion of-the quality 


of interference signals in this case can be the integral functional 


4? 


of the type (1.34), but the only determining mathematical expectation 
is Q. 


Usually for statistically defined systems interference controls 
are basically sufficient. 


The functicning of automatic control systems with adaptations 
can also be described with the help of the system of differential 
equations of the type (1.33) but only during a time until the inter- 
ferences act. As soon as on the system with adaptations there starts 
to act the assigned interference, the system of equations of the type 
(1.33) is converted into the form corresponding to the given inter- 
ference signal. Every form of interference signal, from a certain 
class of signals, is brought into conformity with the system of 
differential equations describing the functioning of the automatic 
device under conditions of the influence of the given form of 
interferences. 


The criterion of quality of the interference signals, intended 
for the suppression of systems with adaptation, can serve as the sum 
of functionals of the type (1.34) defined for different interference 
signals. In practice an estimate of interferences to systems with 
adaptations is most frequently produced with the help of operationally 
tactical criteria. 


An example of a system with adaptations can be the goniometrical 
coordinator, which switches from target tracking by the active method 
onto its passive direction finding according to the source of 
interference radiation located on the target. 





The minimax or game systems of automatic control up to now have 
been studied mainly theoretically. The functioning of certain 
variants of these systems can be described by the system of differ- 
ential equations of the following form [13, 14]: 


emf (t4 sinteg, Rak Ags coy ULF Dix oe ay By) | 
ee ee re eee eee ee Pee (1436) 
Sxsfalty vote Hah Wye eee Ups Ons oes 0,). 


Here Xo oes X, are phase coordinates of the controlled object; Uy» 
-g 0, = useful control of the object carried out by the suppressed 


by the one creating the interference. 


: 

| 

| 

| 

: 

side; Vio sees Ve = interference control of the object, carried out | 
It is assumed that each of the sides knows about the controls of | 


the object carried out by the enemy. 


The quality of interference controls can'be estimated by a 
functional of the form 


Q(u, ov) = {O(+ wey Kad Way voey UE Oy ooey OE, 


In general the suppressed side will try to minimize the functional Q, 
whereas the one creating the interferenc¢ will try to maximize it. 
H 
Optimum controls of the conflicting sides in a given situation 
are determined by methods of the theory of games. 


1.5. Criterion of Information Loss 


Information criteria examined earlier permit estimating the 
quality of the assigned interference signals, and in many cases it 
is necessary to estimate by the information. criterion the possibiiities 
of concrete means of the creation of interferences or estimate the 
quality of concrete measures by the organization of interference 
with the help of the assigned means. The estimates indicated above 
can be produced with the help of the criterion of information loss. 
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"The measure of information loss can be the volume or area of the 
Space covered by interferences from radar observation. information 
loss car: also be estimated in relative units as the ratio of volume 
(area) covered by interferences of space to the whole active volume 


(area) of space utilized by the operator otf the given radar (or radar 
system). 


Let us consider a number of examples explaining the essence of 
this criterion in reference to radar of circular scanning. 


In the absence of organiz.d interferences the operator uses the 
whole working space within limits of the s:anning scale (Fig. 1.2a). 
The maximum limit of the working region is determined by the ultimate 
range of action DuaKc’ Disregarding the action of natural inter- 
ferences and limited resolving power of the radar, it is possivute to 
consider the information loss in this case equal to zero. 






Target Sectors of 
Targets active 
~, “7 antarfersnces 


dipole 

reflectors 
False 
targets 


a b) 


Fig. 1.2. Forms of screens of radar 
indicators of circular scanning: a) in 
absence of interferences; b) with the 
creation of active and passive interferences. 


If a sufficiently dense band of passive interferences (dipole 
reflectors) is created, then within limits of this band the operator 
is not able to reveal the target (Fig. 1.2b). Consequently, inter- 
ferences create information loss to the enemy. This loss can be 
estimated by the magnitude of volume (m>) or area (m2) which dipole 
reflectors occupy. 
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With the creation of active interferences on the screen of a | 
plan position indicator illuminated sectors will be formed (Fig. 1.2b). 
The area of these sectors (as compared to the total area of the screen) 
is also a measure of information loss. Let us note that in Fig. 1.2b 
false marks are conditionally depicted in the form of small crosses. 


It is not difficult to understand that within limits of' 4llumi- 
nated zones (Fig. 1.2b) 


. 
k= (3 > he. 
et ie 

Equality kwk, takes place only on the border of the zone. 


Borders of the zone covered by interferences are set by power 
characteristics, and dimensions of the covered region (information 
loss) depend on parameters of the means of creating interferences by 
suppressed radar (power of the station of interferences, quantity of 
dipole reflectors, radar antenna radiation pattern, power of the 
radar etc.). 


1.6. Operational-Tactical Criteria 


Depending upon concrete conditions of the combat application 
for estimating the effectiveness of means and methods of jamming 
different operational-tactical criteria can be applied. The effec- 
tiveness of measures undertaken for jamming in interests of the 
security of aircraft combat actions for Overcoming the PVO of the 
, enemy can be estimated by the numerical value of the probability of 
overcoming the PVO by strike aircraft or average losses of both strike 
aircraft and support aircraft. 


In solving the problem about the relationship between the number 
of support aircraft and strike aircraft it can appear expedient to 
take as a criterion the probability of the fulfillment of the combat 
mission set before the given group of aircraft. In certain cases the 


effectiveness of interferences can be estimated by the value of the 








mathematical expectutlon of loss itnfilleted to the enemy or the 


prevented damare. 


Considering in the first place the aircraft means cf RPD, let us 
examine in somewhat greater detail the methods of estimating the RPD 
effectiveness according to the probability of fulfillment of the combat 
mission Po5a of the assigned group of aircraft [15]. 


In order that the combat mission is carried out, there must be 
a joint offensive of three basic independent events in the first 
approximation: 


- overcoming the PVO by strike aircraft; 
— detecting the target; 
— applying to the object actions of assigned damage. 


In accordance with this 


P63 = PraoPaP ya: (1.37) 


Here POBO —- probability of overcoming by strike aircraft of the 
PVO of the enemy; Pa — probability of detecting the target (object of 
actions); Pym -— probability of applying to the object of actions of 
assigned damage. 


It 1s interesting to note that the value of each of the 
probabilities in the right side of equality (1.37) is determined by 
the quality of the appropriate electronic security: 


PuRO depends on the quality of information security of the PVO 
system of the enemy; Pr depends on the quality of work of onboard 
detection radar of.the strike aircraft; P. in many respects is 
determined by the quality of the control system of. the rocket of the 


air-to-surface class. or the radar bombsight. 
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Estimating the RPD effectiveness organized in the interests of 1 
overcoming the PVO, 1n many cases does not require determination of 
the full probability o*° fulfillment of the combat mission. For this 
it is sufficient to be limited to a consideration of only the. 
probabllity of overcoming the PVO. The degree of change in the 
probability of the overcoming or the FVO permits estimating the combat 
effectiveness of methods and means of RPD in reference to concrete 
conditions of conducting combat actions and selecting an optimum 
method of actions for these conditions. 


In connection with the application of the probabilistic measure 
of the effectiveness of measures undertaken for RPD, it is very 
significant tc note the following circumstance. Quantitative values 
of the probability of overcoming the PVO (Prpg) > just as all other 
probabilities entering into (1.37), can be determined only for very 
concrete conditions of combat application. With a change in conditions 
of combat application numerical values of corresponding probabilities 
are necessarily changed. | 


The organizing combat actions for overcoming the PVO should | 
create interference in order to en: ure tne maximum value of the 
probability of overcoming PVO by strike aircraft. 


For very particular cases extremely harmfully obtained values of 
the probability of overcoming PVO are taken as some stable operational- 
tactical norms. The organization of interferences is in the highest 
degree a creative operation, and the application of a probabilistic 
measure for estimating the effectiveness of interferences according 
to operational-tactical criteria is a more rapid stimulus for investi- 
gation of the best decisions than is some stable operational-tactical 
characteristic. 


Considering the influence of subjective factors on the organiza- 
tion of combat actions, one showld examine the formula of the type 
(1.37) more rapidly as qualitative dependences than exact quantitative 
categories. With the help of a similar form of formulas, as Professor 
V. V. Shirkov noted, more frequently it is possible to reduce the 
quantity of worfis for describing a process than to obtain exact 
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quantitative results. Nonetheless, the application of quantitative 
appraisals, including the probabilistic measure, is a progressive 
matter. It, undoubtediy, stimulates the search for new improved 
methods of application of interferences and organization of combat 
actions. If with the appraisal of some variant of combat actions of 
the losses of aircraft wili be great and, accordingly, the probability 
of fulfillment of the combat mission will be small, it is necessary 
to search for new methods of conducting combat actions specific for 
given conditions and the creation of interferences at which the 
probability of the fulfillment of the combat mission will be the 
rreatest. 


The aircraft will overcome the PVO if the joint offensive of 
three, as a rule, independent events take place: the aircraft is 
not brought down by fighter aircraft [IA] is not brought down by 
antiaircraft guided missiles [ZUR], and is not brought down by bérrel 
antiaircraft artillery [ZA]. 


Consequently, 


Papo = (1 — Pay) (1 — Fgyp) (1 — Py). (1.38) 


Here Py, — probability of aircraft destruction by IA; P3yp — prob- 
ability of aircraft destruction by ZUR; Pa, — probability of aircraft 
destruction by ZA. 


In turn, the probability of airciaft destruction by fighter 
aircraft of the PVO of the enemy is determined by the average number 
of attacks of fighters ny, and by the full probability of aircraft 
destruction for one attack PuAL? 


Py,=1—-(1— Py), (1.39) 


Formula (1.39) determines the probability of the fact that at least 
one of the aa fighters of the enemy will knock down our aircraft. 


Quantity (1 —P,,,)™ is the probability of no aircraft destruction by 


any of ny, fighters of the enemy. Analogous formulas can be recorded 
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for P 2yp and Pn. 


An attack of a fighter will be successful if Jointly two events 
approach: 


a) the fighter will be directed by ground means into a region of 
space near the aircraft, being in which it; can reveal the aircraft by 
its onboard radar and carry out homing guidance; 


b) the fighter carrying out homing guidance, will destroy the 
aircraft by rockets or gunfire. 


_ Accordingly, the full probability of aircraft destruction during 
one attack of the fighter is determined by the probability of long- 


range guidance P and conditional probability of destruction P 


nH cour’ 


Pun = PysPeens. (1.46) 
Analogous formulas can be recorded for ZUR and ZA. 


The quality of the functioning of the system of information 
security of PVO significantly affects each of quantities yA» % 
and P cour 
the PVO. 


nH? 
determining the combat effectiveness of fighter aircraft of 


The given considerations permit using as a measure of the 


operational-tactical criterion the following: 


— change in the number of attacks of fighters or launching of 
rockets according to the assigned target; 


— change in the probability of destruction of the aircraft or 
rocket covered by interferences. 


Instead of a change in probability of destruction for estimating 


the combat effectiveness by the operational-tactical criterion there 
is frequently used the increase in the miss of a rocket with respect 
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to the covered aircraft. This is explained by the fact that usually 
as a result of the action of interferences on the control system by 
the fighter or the rocket such misses are created, whose value 
considerably exceeds the guidance errors, which are available in the 
absence of interferences so that the probability of destruction 

' becomes practically equal to zero. The concept of miss more specif- 
ically will be revealed below. 


At present the total quantitative methods of estimating the 
effectiveness of interferences by the operational-tactical criterion 
in any conditions are still not found. Therefore, it is necessary to “~~ = 
estimate the effectiveness for concrete conditions of combat actions. 


Since in this book jamming is examined basically in reference to 
the problem of overcoming aircrafts of the PVO for obtaining recommen- 
dations of a general character it is required to expose the most 
characteristic peculiarities of PVO. 


The contemporary system of PVO, irregardless of what theater of 
operations [TO] it is in, can be represented as the totality of 
generalized circuits (subsystems): 


1) contours of target distribution, 

2) contours of long-range guidance, 

3) contours of homing guidance. 

Functional dependences between parameters of electronic means 
and indices accepted as criteria of the effectiveness, and in 
econnecticn with this, an estimate of the RPD effectiveness by 


operational-tactical crtieria can be obtained for every contour 
separately. 


1.7. Contour of Target Distribution 


A simplified diagram of the contour of target distribution is 
given in Fig. 1.3. The contour includes the following: 
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Fig. 1.3. Simplified functional diagram 
of a circuit of target distribution. 


— system of radar (n — radars with the help of which information 


on m targets is obtained); 


— system of processing information about the air situation (this 
system in an unautomated contour constitutes the service of operators, 
navigators etc., and in automated — an electronic computer) ; 


- element of resolution of the problem of target distribution, 
where information is sent about the air situation and the state of 


inherent forces. 


- system of transmission of a decision to the performers. 


Conditionally on the diagram the dashed lines show borders 


within limits 
interferences 
within limits 
interferences 


of which the position of aircraft ll, Uy, ..., Um without 
is determined. Solid lines indicate borders of regions 
of which coordinates of aircraft under conditions of 


are determined. 


af 
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& Qn the basis of an analysis of an air situation it is indicated 
what targets (M, Us, ..., Um) should service the given specific radar 
from the m available in order of selected target (fighters, ZUR or 
ZA)". 


Let us consider to what the creation of interferences (jamming) 
to the given specific examined circuit will lead. 


In combat conditions into each target there should be separated 
the order of forces for its destruction. In the absence of inter- 
ferences although the problem of vhe determination of this order of 
forces in a specific situation can be complicated it is fully soluble, 
since the pattern observed on the radar screen corresponds to the 
real situation of air raid. Quite another position is created with 
interferences. On radar screens instead of a clear and definite 
picture of the real air situation there will be seen marks from false 
targets and even whole sectors and bands from created active and 
passive interferences (Fig. 1.2b). It is natural that as a result of 
the comparison of information proceeding from n radar, the enemy 
succeeds in some degree to comprehend the air situation, but for this 
time will be lost. As a result of jamming the enemy will have far 
from a full presentation about the real situation. In the space 
pi ceeted » the given sector or subsector of PVO so-cailed zones of 
uncertainty wiil appear. This wiil lead to the fact that PVO of the 
enemy will not know the quantity of attacking targets in each of the 
regions covered by interferences. Moreover, the enemy must decide 
whether there are, in general targets in the section closed by inter- 
ferences and whether this group is demonstrative or strike in order 
to solve the question of the distribution of the inherent forces. 


Thus, as a result of the action of interferences the enemy 
incorrectly estimates the air situation, in consequence of which there 
descends the number of attacks or number of launches of controlled 


‘Below an aircraft overcoming the PVO of the enemy, for 
convenience, will be frequently cailed target. It is necessary to 
remember that this aircraft is a target only for the enemy PVO. 
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antiaircraft rockets first of all by aircraft of steive forces, in 
the interests which jamming is created. Furthermore, there can take 
nlace a lowering of the average number of attacks by all aircraft of 
both strike forces and support forces. 


Quantitatively the effectiveness of Jamming to the system of 
target distribution according to the operational-tactical criterion 
is estimated by the change in the number of attacks of fighters or 
launchings of rockets. 


At present there is no general theory which allows finding the 
change in the number of attacks. However, the following very 
approximate method of the solution to this problem can be proposed: 


1. On the basis of reconnaissance data there is estimated the 
approximate number of fighters and complexes of ZUR of the resisting 
grouping of the PVO. 


2. The possibility of the complication of the air situation to 
the enemy is estimated owing to the suppression of his radar of 
detection, guidance and target designation, which enter into the 
generalized circuit of target distribution. 


3. There is further examined the specific situation with regions, 
covered by interferences and displaced due to the action of inter- 
ferences by detection boundaries. In the examination the assumption 
is made about the fact that tne enemy is not able with the help of 
reserve as means to make the situation clearer and is forced to make 
the decision on combat actions in accordance with that situation which 
we create for him with the help of interferences and demonstrative 


*» 


actions. 


Putting oneself in the place of the enemy, it is possible to 
estimate approximately what quantity of fighters will be assigned for 
actions according to groups of-aircraft covered by interferences, and - 
what on the average number of attacks will be apportioned to strike 
aircraft or support aircraft. Analogously the question is solved 
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with antiaireruft pfulded misstles. In a number cases for solving a 
similar kind of problems methods of the theory of games can be 
applied. 


1.8. Contour of Long-Range Guidances 


The contour of long-range guidance! starts to funct‘on after 
there is accepted a decision on the target distribution, as a result 
of which there are assigned specific guidance radar and specific 
fighters or batterles of ZUR for the action with respect to the target 
designated by it in the contour of the target distribution. The 
contour of long-range guidance constitutes, in fact, a servomechanism 
of the pulse or continuous type (Fig. 1.4). 
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Fig. 1.4. Simplified functional diagram 
of the guidance contour (long-range 
guidance). 


On the basis of information about the target position data and 
the destroyer (rocket) and in accordance with the accepted law of 
guidance with the help of the command radio control link [KRU], the 
task of the contour to assign the destroyer to such a region from 
which it could carry out homing guidance with the help of its onboard 
equipment. 


at present in view of the transient terminology, the terms 
long-range guidance and guidance usually mean the same process. 
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In the case of rockets with command guidance not having homing 
guidance, long-range guidance (or simply guidance) is finished by 
putting the rocket into the region and blows up, leading to destruction 
of the target. 








































For guiding fighters or ZUR at the aircraft (C) one or two radars 
can be assigned. 


The guidance of a fighter (MM) or rocket (P) at a target can be 
produced with the help of a semiautomatic or-automatic system. Semi- 
automatic guidance 1s applied under the action powerful organized 
interferences on electronic means entering into the guidance contour. 
In Fig. 1.4 arrows C and [] devote respectively, useful signals and 
interferences. 


Semiautomatic and automatic operating conditions of the guidance 
- circuit to considerable degree differ from each other. Let us 
examine these conditions in greater detail. 


Semiautomatic Guidance of the Fighter (or Rocket) 


Detection and guidance radar (one or two radars), operating in 
conditions of scanning, determines parameters of movement of the 
target and fighter. Navigator (guidance cperator), in watching the 
radar indicator with the help of a computer [SRP] solves the prcolem 
of guiding the fighter (or rocket) to the target. Results of the 
solution (data for the change in course of the fighter of altitude 
and speed) are transmitted along communication lines to the pilot, 
who changes the parameters of movement of the aircraft for going into 
the assigned position for attack. 


A mathematical description of the dynamics of semiautomatic 
guidance is very complicated due to the fact that the effectiveness 
of attack depends on a great number of factors, many of which are 
random and subjective. Considerably complicating the problem more 
is the fact that contemporary fighters are able, as a rule, to 
accomplish attack only from the rear hemisphere. 


A similar cause tukes place with completely automatic puidance 


under the condition that the destroyer Is equipped wlth equipment 
allowing accomplishment of attack at any attitude. 


Automatic Guldance of the Fighter (or Rocket) 


Guidance radar, operating in conditions of scanning, gives target 
position data of the fighter, which enter into a computer. The SRP 
solves the guidance problem. Results of the solution are transmitted 
to the fighter or rocket with the help of the KRU. Instructions on 
the change in course are fed into the automatic pilot, which provides 
control with respect to course, bank and pitch in accordance with 
results of solving the concrete problem on guidance. The role of the 
person (pilot, navigator, operator) in this system is reduced to the 
control of the efficiency of separate units or the contour as a whole. 


In certain systems there is used not one scanning radar but two: 
one continuously tracks the target, and the second - its own rocket. 


The Jamming of electronic means by the guidance contour can be 
provided by changing the information entering into the contour from 
the radar (radar system) and KRU (radio link). 


Active interferences, acting on guidance radar, can create or 
increase the systematic and random errors, close the contour on a 
false mark, and in separate cases completely open the contour. 


In general one should count on the possibility of an incomplete 
break in the contour, but only on regular or irregular (accidental) 
interruptions in the circulation of information. 


Passive interferences basically affect resolution of the problem 
of target distribution. Furthermore, passive interferences can be an 
effective means for reducing the range of onboard radar cf destroyers 
(rockets) and, consequently, the considerable lowering of the 
effectiveness of long-range guidance. With the help of the ejection 
from the aircraft of radar traps, in principle it is possible to 
provide switching of the contour from the true target to the trap. 
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With the action of interferences on the KRU can be ensured the 
Suppression of instructions and, which is especially important, the 


creation of false instructions, which introduce systematic errors 
into the contour. Interferences to radio control links can also lead 
to regular or irregular breaks in information circulating in the 


guidance contour. 


Let us estimate the effectiveness of inteferences of the guidance 
to electronic means. Depending upon the effect to which a specific 
interference can lead, as a criterion of the effectiveness of RPD, 
there can be accepted either the value of a miss of the fighter at 
the time of transition to homing guidance or the probability of 
guidance under conditions of interferences. 


If the application of intexferences leads to an increase or 
creation of systematic errors, then as a criterion of effectiveness 
it is expedient to take a miss of the fighter (or rocket) A taking 
place at the end of long-range guidance (at the time of transition 
to homing guidance). 


For the criterion of the effectiveness of interferences, the 
action of which leads to the formation of random errors, it is 
expedient to take change in value generated by them of the probability 
of guidance Py=P,g,, by which is understood the probability of a hit 
of the guided destroyer (rocket) into the region of space from which 
its homing guidance is possible!,. 


An Evaluation of the Effectiveness of Interferences with 
Respect to a Miss (Deterministic Influences) 


Usually the guidance of a fighter (rocket) fiom land (control 
room) is conducted up to some definite boundary, after which there 
can be the following two cases: 


- the fighter is equipped with radar sight providing the 
possibility of the functioning of homing guidance circuit, as a result 


‘The evaluation of the quality of guidance with respect to a 
miss was proposed by A. A. Krasovskly. 
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of which there is eliminated the error of ruidance or current miss 
corresponding to it. Ky current miss we mean the minimum distance, 
at which the fighter or rocket will fly away from target, if starting 
from the given moment of time the fixhter (or rocket) and target 
moves rectilinearly and evenly; 


- the fighter is not equipped with a radar sight, and the pilot 
does not visually reveal the target. Therefore, after cessation of 
the guidance the fighter moves, as a rule, along a tangent to the 
trajectory of guidance, and the error of guidance (miss, in general, 
1s not selected. 


If as a result of the action of the interference on electronic 
means of guidance the miss A at the time of the guidance termination 
will appear more at the given value of miss Ay» selected during the 
time of homing guidance according the conditions of overloads, then 
the interference is effective. Otherwise it is considered ineffective. 


In the beginning we will examine the simplest scheme of guidance 
of a fighter or rocket to the target when the guidance of the fighter 
VU to the target I] is carried out in pursuit and in one plane 
(PLE, 1.5): 


Fighter is equipped with a radar sight. In the absence of RPD 
it is guided along the calculated trajectory of the YoU (Pie... 155 )% 


Let us assume that starting from the inoment of time to of 
guidance circuits start to create interferences to the electronic 
means, which lead to the formation of deterministic errors in the 
assignment of the necessary course angle of the fighter (up to to the 
linear error and current miss corresponding to it are considered equal 
to zero). 


As a result of this the fighter will be guided to the target 
along a certain trajectory UN,» differing from the theoretical Mou. 
At the time of termination of guidance (t,) the fighter heads for the 
target with a certain linear error %, which corresponds to the current 
miss Ay. 
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Boundary of of radar sisht 


termination 
of guidance 





Caloulated trajec- 
tory (without 
interferences) 


Trajectory with 
RPD to the 
contour of 
guidance 


Fig. 1.5. Diagram of the 
guidance of a fighter or 
rocxet to a target. 


Since the fighter is equipped with a radar sight, then at moment 
ty there will be included the homing guidance system, as a result of 
which the fighter will fly with maximum permissible overload along a 
new trajectory Vj Mp» trying to select the linear error & formed with 
the guidance. If interference is quite effective and leads to the 
formation of considerable error of guidance & and, accordingly, to 
considerable current miss 4,, then during homing guidance even with 
maximum overload it will not be possible to reduce this error to zero, 
and the fighter will pass from the target (I) at a certain distance a, 
which we will define as the resultant miss. 


Fighter is not equipped with a radar sight. Since conditions of 


homing guidance is absent, then after termination of guidance (moment 
of time t,) the fighter, as a rule, moves further along tangent TUE 
toward the real trajectory (Fig. 1.5). At time to the fighter will 
pass from the target at a certain minimum distance A(t) A,, which in 
this case corresponds to a current miss at the moment of time ty and 
the resultant miss of guidance. 
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Let us now consider a more common kinematic scheme of guidance 
of a fighter at a target. We will consider that as a law of control | 
the widespread law of parallei approach Ls accepted (Fig. 1.6). The 

kinematic scheme 1s examined in the relative system of coordinates, 

the origin of which coincides with the target. | 


y oie) 





a i et 


Fig. 1.6. Kinematic scheme of the 
guidance of a fighter or rocket at 
a target according to the method of 
parallel approach. 


In Fig. 1.6 the following designations are introduced: 


Dorn™En—Fa — relative speed of fighter in the system of coordinates 
connected for the target I]; D — distance between the fighter and 


| Vy ~ speed of aircraft-target; Vin — speed of attacking fighter; 
| 
aircraft-target at a given moment of time; Dry — distance to the 


target; Dy, — distance to the fighter; VMIl — line of sight of the 


target; OO' and 0,9) —- line of the beginning of reading of angles. 


With the method of parallel approach control of the course of 
the fighter is carried out in order to provide condition 


s=0, (1.41) 


| where € — angular velocity of the line of sight of the MI. 
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Fulfilled condition (1.41) means that the line of sight Ml shifts 
in the process of guidance in parallel to itself. The vector of 


relative speed Vony 1s directed along the line of sight, and the 
fighter, in the accepted relative system of coordinates, will move 


along the line Ul. 


| 

With interferences vector Vory? as a rule, will not coincide with | 

line Wll (Fig. 1.6). Due to this there will appear an error in | 
guidance which, in turn, will lead to a miss. In general the error 

and current miss corresponding to it will be time functions. 

| 


If there are no interferences, then in steady-state operating 
conditions of guidance the current miss A(t) is smali as compared to 
the maximum permissible for the given system by miss Ag» 1 G6; 


A(t) <A,. (1,52) 


If effective interferences are created then 


A(t) >Ao, (1.43) 
1.e., conditions for disruption of guidance are provided. 


Let us set the dependence of miss A(t) on parameters of motion 
of the aircraft-target and attacking fighter. 


The magnitude of the miss A(t) is connected with the value of 
angle a between the vector of relative speed of the fighter (or rocket) 
and line of sight by the following simple relation (Fig. 1.6): 


A(t) =Dsina. (1.44) 


Let us decompose the vector of relative speed Vorn into two 
components. One of the components q is directed along the line of 


sight, and the second v, is perpendicular to it. Using the connection 


t 
of linear speed Vy with radius D and angular velocity o=e, we will 


obtain 
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Substituting (1.45) into (1.44), we find the desired formula for the 
current miss [17]: 


Tere (1.46) 


Interferences, created to the system of electronic control in 
principle can doubly affect the change in the current miss A(t). First, 
directly by means of change in the measured value of angular velocity 
of the line of sight é and, secondly, with the help of a change in 
narameters of proper motion (maneuver of the target) with the elec- 
tronic control system suppressed by interferences (a break in the 
guidance circuit by interferences for certain time is considered). 


Formula (1.46) serves for determining the current miss (Fig. 1.6), 
if.e., the minimum distance at which the fighter will pass from the 
target if starting from the given moment t a uniform and rectilinear 
motion of the target and fighter (or rocket) takes place. 


In real conditions under the action of interferences and 


maneuver, quantities Ey Ds ane will not remain constant. Therefore, 


the action of interferences and maneuver will lead to a certain 
integral effect, which can be estimated in the following way. 


During the time dt miss A(t) is changed by the magnitude 


dh(t)= A (t)dt, (1.47) 


Accordingly, a change in the miss during time t (the miss accumulated 
during t under the condition that when t = 0 A(t) = 0) will be 


* 
A= f A(nat, (1.48) 


Let us differentiate equation (1.46) 
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fa 20D + +D? = eM oven ’ 


Corn Conn (1.49) 
where e — angular acceleration; 2De — Coroilis acceleration; 
De+2De=j,; (1.50) 


Jn — component of acceleration of the fighter (or rocket) 
perpendicular to the line of sight of the target (Fig. 1.7). 


Ty 





Fig. 1.7. Vector diagram of 
velocities and acceleration 
generating the miss with 
guidance of the fighter. 


Taking into account (1.50) and (1.46) the expression for A will 
be recorded in the form 


bue-Pln _ Btere 
Vora Corn * (1.51) 


If Ooe,==const and Voy, = Ocea =D, where v is the rate of closure of 


the figiter and aircraft-target, then 


con 
db (t) = ln at, (1.52) 


It is possible to present that 


D=D,—orst, (1.53) 








where t — current time; Dy - initial distance of the guidance. 


Substituting (1.53) into (1.52), we will obtain 


‘dd (t)=jn(t,s —t)dt, (1.54) 


dD, 
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-— time of guidance. : 


If the relative speed Yorn is variable with time, then for 


determination of the miss it is necessary to use equation (1.51), 
which in this case is reduced to the form 


d (Avo¢,) = Djndt, (1.55) 

Hence 

1 ; 

Adorn: — A0oen,= { Djndt, 
e 
In many cases as a result of the action of interferences the 
fighter or rocket will move with maximum overload 
fn'wane =MyaxeQ'= const, 


where fyaxe — maximum permissible overload; g -— acceleration of gravity 
of earth. 


Let us find the miss An accumulated during the time of action of 
the interference 


° & 
' 4g—4,= J in(tn —t) dt (1.56) : 
or : 
4a = A+ Intata — > inl’, (1.57) 


where A, is the initial miss taking place prior to the action of 


interferences. 





If the initial miss is quite small (A, @4,) and ¢,=#,, then 


A, =a ht? ati. (1.58) 
ore - 


Formula (1.58) also permits finding the miss selected during the 
time of homirg guidance: 
i 2. 4 DS 
Ay = 5 Ita ln (1.59) 
where f,x — time of homing guidance; D — distance up to the target at 


the time of termination of guidance; Uo — rate of closure of the 
fighter and target. 


It is obvious that RES interference of the guidance of the 
fighter or rocket will be effective if Ay>Ap, i.e., the miss 4, 
generated by them is greater than the miss Ao; selected during the 
time of homing guidance. The quantitative measure of effectiveness 
in this case can be the resultant miss 


a='A—d,, (1.60) 
In the case of guidance of che fighter the attack can be con- 
sidered disrupted if miss An will be selected in the very end of the 
homing guidance, and the pilot will not have time to complete the 
attack (realization of the launching of rockets or firing of cannons), 


i.e., one can assume that the attack of the fighter is disrupted if 
the following condition is fulfilled 


a= 4, —A,=0, (1.61) 


For the case of ZUR the attack is considered disrupted, if 
a='h, — A, >Re, (1.62) 


where R, — effective destruction radius of guided rocket. 
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The effective destruction radius Ry depends on the type of guided 
rockets, their combat unit, the relative location of the target and 


center of explosion ete. [15]. 
Rxample of Calculating the Miss 


We will consi.u-r that as a result of the action of interferences 
the guidance contour is disrupted for the time the 


If *he target after the break in the contour moves evenly and 
rectilinearly, then the significant miss cannot be accumulated if at 
the time of tne break in the contour the onboard autonomous navigation 
system will "memorize" the position of the set forward point and with 
sufficient accuracy will lead the fighter to it. Therefore, it has 
meaning to estimate the miss in the case when the target carries out 
a maneuver in speed or direction. 


Let us assume that, for example, the target (Fig. 1.8) carries 
out a maneuver in speed (at the time of the break in the contour 
it starts to move with acceleration J). 


Ue key 


Fig. 1.8. Determination of 
the component of relative 
acceleration producting a miss 
with the maneuver of a target 
with respect to speed. 


" “h 
dn 


Let us determine the component ie normal to line of sight of the 


target. From Fig. 1.8 
Jn =]. sing (1.163) 


Substituting (1.63) into (1.58) and considering = Je c08 9€0 ore . 


we will obtain the expression for the miss stored during the time of 


action of interference (tgumf;: 
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bey hain, (1.64) 


Estimate of the Effectiveness of Interferences According 
to the Change in the Probability of Guidance 


The formulas mentioned above for misses, from the point of view 
estimating RPD, give quite reliable results if the values of misses 
obtained by it considerably exceed the average and mean square values 
of misses generated by inherent dynamic and fluctuating errors of 
suidance systems. 


With the action on radio electronic means of systems of guidance, 
many forms of interferences lead to a considerable increase in random 
errors. Accordingly, the misses will be random. 


Above it was indicated that as an operational-tactical criterion 
of the effectiveness of interferences, the action of which leads to 
the formation of random errors, it is expedient to assume a change in 
the value of probability of long-range guidance Pyy=P,, 


In order, in general, to be able to estimate the change in 
probability of guidance P} under conditions of interferences causing 
random errors of electsconic means (radar of guidance, radio control 
link), it is necessary to know the law of distribution of errors 
(misses) and its parameters. 


The law of distribution (dispersion) and its parameters can 
rather accurately be determined with the help of simulation on a 
computer of processes of guidance under conditions of interferences. 


For tentative calculations and estimates it is possibdle to 
consider normal the differential law of distribution of misses on one 
coordinate (Fig. 1.9) 


ae _[e-e 
P(t) = ee a (2.305) 











where A — miss (random variuble); a -- mathematical expectation of the 
miss 3 o° = dispersion of the miss. 


(4) 
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Fig. 1.9. Differential law of the dis- 
tribution of misses along one coordinate. 


The origin of the coordinates in Fig. 1.9 is combined with the 
position of the attacked aircraft-target. 


It is obvious that result of guidance will depend on the 
magnitude of the miss at the time of the transition of the fighter 
(or rocket) into homing guidance. If the miss A, at this instant will 
be less than the maximum miss Ag» selected with respect to conditions 
of overloads, then guidance can be considered taking place, otherwise 
it will be unsuccessful. 


The probability of guidance of a fighter Pi can be defined as the 
probability of hit of the random value of miss A, defined at the time 
of transition on the homing guidance, into the interval of misses 
(—A, Ao), selected by conditions of overloads during the time of the 
homing guidance?: 


Pim f piayda (1.66) 


For powerful rockets without homing guidance, on the last stave 
the probability of guidance can be taken equal in a number of cases 


1In general probability Pi should be estimated as the probability 


of a hit of the random value of a miss into an ellipse depicted in the 
pattern plane. Fcr a two-dimensional problem it is possible to be 
limited to the examination of the hit A into the interval coinciding 
with one of the principal axes of this ellipse. 
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to the probability of destruction Prop: The target is considered 
destroyed if as a result of guidance of the rocket it falls into the 
sphere, the radius of which is equal to its effective destruction 
radius, and the center coincides with the center of gravity of the 
aircraft (target). Being limited to the examination of guidance in 
one plane, accordingly we will obtain 
R, 
Prop= { p(a)da, (1.67) 


eo 
where Ry — effective destruction radius of the rocket. 


In case of rockets, having conditions of homing guidance, 
(AgtR,) 


Pow= {  p(d)dd, 
itt Ry) 


Here Ay — miss selected by conditions of overload during the 
time of homing guidance. 


The presence of conditions of homing guidance provides an increase 
in the effective destruction radius by quantity Ag: 


In general, when interferences create systematic and random 


errors, the probability of guidance P, in one plane for the fighter 
is determined by formula 


| es 
reat [o(Aet)+0 (AH) = 
; see 
where a — miss generated by the systematic error; 


, z e | 
o= Fe fe F ag 


— tabulated integral of Gaussian probability (integral of probability). 
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Graphically the value of probability of guidance Pi is determined 
by the shaded area under the curve of dlstribution of misses 
(Pig. 1.9). 


From formula (1.68) it is clear that the value of probability of 
guidance is influenced by both the mathematical expectation a and 
4) 
dispersion o” of misses. 


If as a result of RPD dispersion 6? remains constant and the 
systematic error — mathematical expectation a, is increased, then, as 
can be seen from Fig. 1.10, the probability of guidance P, decreases. 






Fig. 1.10. Influence of 
the systematic error — 
mathematical expectation 
of miss a, on the value of 
probability of guidance. 


If with zero mathematical expectation the action of interferences 
leads to an increase in dispersion of misses, then the probability of 
guidance P,, also decreases (Fig. 1.11). 


Pee. 2.11. Influence Ih 
dispersion of misses on the 
value of probability of 
guidance. 
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In a more general case, when the action of interferences leads 
to a change in both the mathematical expectation and dispersion of 
misses, an increase in dispersion can be undesirable (Fig. 1.12). 





Fig. 1.12. Joint influence of 
the mathematical expectation 

and dispersion of misses on the 
value of probability of guidance. 


It is necessary to stress that the methods described above of the 
quantitative estimate of “PD effectiveness on the guidance contour 
(miss and probability of guidance) are correct if the assumptions 
made above are fulfilled¢ 


— the errors of guiding, created with the help of interferences, 
exceed the natural errors of the guidance system, l.e., 


ay > ae, 
a > of, 


where a, and af — mathematical expectation and disperrion of misses 
induced by interferences; ay and a — mathematical expectation and 
dispersion of misses generated by natural errors; 

- guidance is carried out in one plane. 


1.9. Contour of -Homing Guidance 


The contour of homing guidance, as a rule, starts to function 
after termination of long-range guidance. 











Homing guidance is necessary for the selection of errors 


accumulated during the time of guidance. 


_ The fighter (or rocket) passes into conditions of homing guidance 
after the onboard radar (homing device) "seizes" the target. 


The contour of homing guidance, just as the contour of guidance, 
constitutes a closed servomechanism. 


In most cases the homing guidance of rockets is carried out 
according to the method of proportional navigation (proport:onal 
guidance), a particular case of which is the method of parallel 
approach. For the formation of a command signal with guidance by the 
method of parallel approach, it is necessary to measure the angular 
speed of the line of sight é. 


One of the possible methods of the formation of the command 
signal consists in the gyrostabilization in the space of the platform 
on which the radio link — aircraft radar (homing device) is set. A 
block diagram of the contour of the homing guidance, in which 
formation of the command is provided with the help of gyrostabiliza- 
tion in the space of the platform, is shown in Fig. 1.13 [16]. 





Figs 1.13. Simplified func= 

tional dlagram of the contour 
of the homing guidance with a 
gyrostabilized platform. 
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The aircraft radar measures the angle Eo between axis Ax of the 
gyrostabilized platform [GP] and direction to the target [ATs]. This 
angle is the input influence of the system of automatic direction 
tracking [ASN] of the homing device. 


The platform GP is stabilized in space with the help of the 
actuator [SP] which is controlled by voltage Ug, taken from the 
slider of potentiometer Ils. The housing of this potentiometer is 
rigidly joined with the gyrostabilized platform GP and its slider — 
with the axis of gyroscope I’, which assigns line AXy motionless in 
space. With a mismatch %, between axes Ax and AXo on potentiometer 


Il, there appears the voltage Uon? which controls the position of 
axis Ax. 


Thus, the examined system has two circuits of automatic control: 
internal and external. 


The internal circuit carries out gyrostabilization of platform 


GP so that in an ideal case axis Ax coincides with line Axo motionless 
in space, and, consequently, @cme, 


The external (basic) circuit is closed on target lJ and carries 
out tracking of it. The command signal U, necessary for guidance by 
the inethod of parallel approach is formed by means of differentiation 
of the voltage taken from potentiometer Ilys connected with the 
antenna radar. The servomechanism automatically changes the direction 
of the velocity vector of the rocket v. in order to ensure 


e=0, 
In practice the controlling signal, proportional to the angular 
velocity of the line of sight of the target, is mostly formed with 
the help of the rate gyroscope. The latter provides the possibility 
of the formation of the signal proportional to the derivative of the 
angle of yaw ¢ of the rocket. The controlling signal of the basic 
circuit is obtained by means of addition of the signals proportional 
accordingly to the derivative of the angle of yaw @$ and derivative of 
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angle E, between the axis of the homing rocket Kon and direction to 
the target. The aircraft radar in this case is rigidly connected 


with the housing of the rocket. 


A functional diagram, which explains the principle of realization 
of the system with the rate gyroscope, is shown in Fig. 1.14. 


les & 
& 


Fig. 1.14. Simplified 
functional diagram of the 
contour of homing guidance 
with a measuring rate 
gyroscope. 


The aircraft radar (homing device) is set on platform [] rigidly 
secured to the housing of the missile. From the output of the radar 
with the help of a data removal device [SD], having in its composition 
a differentiator, there is taken voltage Up? which is proportional to 


the derivative of angle e Len 


Cc? 
de ° 
uy, =X, ir = K, Ce, 


where Ke -— proportionality factor. 


The rate gyroscope [SG], set on the housing of the missile, 
forms a voltage proportional to the derivative of angle $ between the 
line motionless in space determining the beginning of the reading of 
the angles and the longitudinal axis of the missile, l.e., 


U=K (1.70) 


where Ky — proportionality factor. 
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From (1.69) and (1.70) for the examined system we will obtain 
the relation determining the command signal as the sum of two 
voltages: | 


My = tly fly =H, 6 + K,9. (1.71) 


With guidance by the method of parallel approach there should be | 


fulfilled equality (1.41), which in this case corresponds to u, # 0. 


K 

The object of the action of interferences in the homing guidance 
circuit in most cases is the receiving device of the aircraft radar 
(homing device). 


Active and passive jamming, acting on the circuit through the 
receiving device of the radar, may cause an increase in random errors 
in the determination of coordinates and their derivatives and the 
formation of systematic errors (deterministic influences). Further- 
more, an increase in both random and systematic errors in the 
determination of coordinates can be provided at owing to the periodic 
or accidental interruptions in the entering of information. This is 
achieved with the help of interferences leading to the expulsion or 
withdrawal of gates of circuits of automatic range tracking, speed 
and angular coordinates. 


The quite complete operational-tactical criterion of the 
effectiveness of interferences to electronic means of the circuit of 
the homing guidance can serve as a degree of the decrease in 
conditional probability of destruction. 


For approximate calculations it is possible to estimate the 
pronvability of destruction as probability of the hit of a rocket ina 
certain region, which in many cases is a sphere whose radius is equal 
to the effective destruction radius of the given rocket, and the 
center coincides with the center of gravity of the aircraft (target). 


It is considered that the hit of the rocket in this region 
ensures destruction of the target with a probability equal to unity, 
and, accordingly, a miss in the sphere of the indicated radius is t 
equivalent to nondestruction of the target. 
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Interferences leading to the formation of considerable systematic 
errors and, consequently, great displacements of the center of 
dispersion of the rockets can be estimated by the magnitude resultant 
miss of the rocket (1.60): 


a=A,—A,. (172) 


If the magnitude of resultant miss is greater than the effective 
destruction radius of destruction of the rocket (@>R,), the interfer- 
ence is considered effective. This method of evaluation gives 
satisfactory results when dispersion oF of misses of the rocket, 
menerated by fluctuating and dynamic errors of the circuit of homing 
suidance, is considerably less than a", 

An estimate of the effectiveness of interferences by the method 
{ndicated cannot be conducted if a’ net, To estimate the effectiveness, 
of appropriate interferences in this case, the application of accurate 
methods which consider the dynamics of the homing guidance is 
necessary. 


Accurate methods of estimation required is also applied in the 
case of interferences leading to periodic or accidental short-term 
interruptions in the entering of information into the contour and 
also with interferences whose action increases the dispersion of 
errors owing to the use of nonlinear effects in the contour (limitation 
by overloads and others). 


Let us give certain considerations and formulas for estimating 
misses of rockets with different forms of interferences. 


Interferences to the Goniometrical Channel 


Fighter is armed with homing rockets or homing controlled ZUR 
are applied. In this case under the action of interferences to the 


goniometrical channel errors in the determination of €, which are 
certain [eg(t) #0), time functions will be formed. 
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Changes of 8, (¢), induced by interferences, in turn, generate 
changes of the current miss A. The integral miss is calculated by 
the formula (1.56). 


The resultant miss is determined by formula (1.72) similarly to 
that as was recommended in the examining of the ecuidance contour. 
Let us note that in the case of application of the method of parallel 
approach, active jamming will be effective only when it provides a 
change in angular velocity of the line of sight of the target eé. 
Interferences, inducing constant errors in the determination of the 
angle cannot lead to an increase in the miss of the rocket, since the 
rocket control signal in this case is proportional not to the angle 
but the angular velocity e(u.=hue, where Ky — proportionality factor). 


by the moment of the beginning of the action of interference the 
current miss can be considered approximately equal to zero. During 
the time of the action of interference th the miss will be accumulated 
(at J, = const) 


b= In (tate — 7-8). (1.73) 


If interferences act up to the end of homing guidance (D = 0), 
then Ay = 0, and the resultant miss will be 


G= gm fnnanel? (iat) 


Usually the interferences act up to a certain minimum distance Dum 
after which their effectiveness drops and the rocket starts to select 
the accumulated miss. In this case the resultant miss is estimated 
by formula 


= Ay —A,, 


where b= 5 Iunenef’, — miss selected during the time of homing 


guidance after termination of the action of interferences; leg — 
time remained on homing guidance after cessation of the action of 


interferences. 
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Fighter is armed with unguided rockets (guns) or ZUR not having 
homing guidance is applied. In this case the resultant miss a most 

frequently equals the miss induced by the application of interferences 
to the ground guidance system of ZUR or aircraft radar of the fighter’ 


Q= As. 


Interferences to Range Channel 


In contrast to the contour of guidance in the contour of homing 
guidance interference throught the range channel of the homing device 
is slightly effective, and in separate cases, in general, ineffective. 
This is explained by the fact that for homing guidance with a 
sufficient reserve of flying range the basic is information either 
about the angular position of the target € or about angular velocity 
é€. The goniometrical coordinator of the contour of homing guidance 
can provide ‘the entering of this information with a suppressed 
channel range. 


The source of active jamming can set a course with the same 
accuracy as that of the target, i.e., it permits carrying out passive 
homing guidance. However, one should have in mind that if inter- 
ferences on the range channel lead to a break in contour of angle 
tracking, then they can be effective. 


In the case of the contour of guidance the measurement of range 
plays an important role, since on land for solving the problem of 
guidance it is necessary to know angle e€, which is found with suffi- 
cient accuracy or.ly with an accurate knowledge of range to the target 


and to the fighter Dy, and D,, (Big. 1.06) 


1.10 Optimum Methods of the Application 


of Interferences 
The earlier conducted examination of methods of estimating the 


1Tt is considered that the fighter, not being able to correct 
the trajectory of the homing guidance visually, is forced to fire 
with unguided rockets or with cannons under jamming conditions. 
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effectiveness of RPD, as a rule, did not consider any return actions 

on the part of the enemy suppressed by. In many cases such calculation 
in principle is necessary. Furthermore, the actual tactics of 
conducting combat actions by aircraft and PVO proceeds from concrete 
possibilities of means of RPD and considers these possibilities. 

Below in specific examples there appear certain methods of the 
optimization of actions of sides under conditions of interferences. 


A direct result of the application of radio interference is the 
decrease in quantity of useful information proceeding from an 
electronic device suppressed by interferences, in consequence of 
which the effectiveness of the application of weapons of destruction 
decreases (average number of attacks of fighters, average number of 
launches ot ZUR, full probability of defeat after one attack etc.). 


The action of radio interference on the suppressed electronic 
device does not lead to a material destruction of the latter, in 
virtue of which the enemy can be protected from the interference 
directly during its action on the device. This circumstance leads to 
the necessity in the organization of RPD to consider especially 
thoroughly possible countermeasures of the enemy. 


The effectiveness of measures undertaken for RPD is determined 
by both technical characteristics of applied means of RPD and methods 
of their application (methods of action). 


In carrying out calculations for the optimum application of means 
of RPD, it is necessary to solve the following group of problems: 


— estimate the possible decrease in the quantity of information 
in control system by means of PVO of the enemy; 


— determine the optimum method of the application of inter- 
ferences (method of actions providing the greatest decrease in 
effectiveness of the combat application of means of destruction of 
PVO of the enemy). 
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Both these problems are mutually connected, inasmuch as the 
method of application of interferences can considerably affect the 
quantity of information in the control system. Therefore, in general 
it is necessary to examine several variants of the application of 
interferences and for each of them determine its optimum method of 
actions, after which the best is selected. 


Depending upon to what contour of the system of PVO interferences 
are created, each of the enumerated problems has its own specific 
character. 


Let us consider the peculiarities of calculations for the 
optimum application of means of RPD to the contour target distribu- 
tion k Pie. sos) s 


As is known, the mission of the system of target distribution of 
PVO 1s to determine the most rational (for a given situation) 
distribution of aerial targets between units and subunits of fighter 
aircraft and ZUR. 


The main problem of RPD in this case is to make it difficult for 
the enemy to accept a correct decision on target distribution and 
thereby decrease the average number of attacks (launches) on strike 
alrorart. 


With the assigned general numerical composition of groups and 
assigned means of RPD there can te, in principle, many variants of 
combat formations and variants of the distribution of strike aircraft 
in regions covered from the observation by interferences. The problem 
is that of the great number of possible variants of actiors select 
the one at which the average number of attacks (launches) by strike 
aircraft for assigned conditions of combat actions will be minimum. 


Resolution of the problem can be conducted in the following way. 


For assigned conditions of combat actions all possible methods 
of actions of the aircraft are determined. These methods are 














conditionally designated and enumerated in a definite sequence (method 


Al; Ays ee A: 
All possible methods of actions of the enemy are determined: 
these methods are also conditionally designated and are enumerated 


in a definite sequence (B,, Bos vee, Bo). 


Each method of the actions (Ay; A, ee A.) is successfully 
compared to methods of actions of the enemy (B,; Bo, areeete BL): 


For every comparison, for example A, and By, or A, and By etc., 


the quantitative measure of effect of the action is estimated. 


For the examined problem the quantitative measure of effectiveness 
is the average number of attacks by strike aircraft. 


The results obtained are placed in a general matrix of effec- 


tiveness of methods of actions (1.75) to the investigation of which 
the whole problem is reduced: 


(1.75) 





Similar kinds of problems are solved by methods of the theory of 
games. In the theory of games methods of actions Ay» aA tatad An and Bis 
we Bo are called pure strategies of sides, and the quantitative 
measure of effectiveness actions — the payoff. The basis of the 
method of resolution of problems examined here on the determination 
of optimum methods of actions is the apparatus of the theory of games. 














As was already noted above, to solve the stated problem it is 
necessary, in the first place, to determine the expected decrease in 
information in the system of electronic security after which find 
the optimum method of application of interferences, which lead to 
minimum losses. Methods of the solution of the first part of the 
problem are developed in sufficient measure. 


The essence of the solution is reduced to the determination of 
dimensions of regions covered from radar observation by interferences 
at the assigned quantity of means of interferences (determination of 
information loss) or to the determination of the necessary quantity 
of means of interferences (for example, dipole reflectors) for the 
cover of assigned combat formations. The method of solving similar 
kinds of problems is discussed below. 


However, determination of the quantity of means of interferences 
necessary to cover the combat formation of aircraft from radar 
observation does not exhaust the problem, inasmuch as with several 
regions covered from observation by interferences it is still 
necessary to place optimally strike aircraft in these regions. 


For an explanation let us examine the simplest example. Let us 
assume that it is possible with the help of an active jammer to 
create jamming in the space region lly» within limits of which not one 
aircraft Uh, Uy... Ue nor dre of the k ground radars of the enemy is 
revealed. Furthermore, let us assume that preliminarily there is set 
a band of passive jamming (region Ns) with length L, within limits 
of which detection of targets is also impossible (Fig. 1.15). 


Further we will consider that besides the active jammer the 
attacking side has two strike aircraft (bombers), and the PVO has 
only fighter-interceptors. 


Let us find the method of distribution of strike aircraft in 
regions Ny and I, at which the average number of attacks ty each 
bomber will be minimun. 
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the rerion of 
possible attacks 


Fig. 1.15. Methods of the application 
of interferences. 


In the assigned conditions the following methods of actions of 
both sides are possible. 


Attacking Side [VVS]: 
method of actions Ay — both bombers in region Il, 3 
method of actions A, -— both bombers in region Ns 5 


method of actions Ay — one bomber in region Il, » the other — in 
region l,. 


Defending Side [PVO]: 


method of actions B - both destroyer (U, and U,) are guided 
into region Tl, 3 


method of actions B, - both fighters (Uy and No) are guided 
into region IL, 3 


method of actions B3 — one fighter (U5) is guided into region 
Il, and the other (Ny) — into region Ils. 
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A quantitative measure of the effectiveness of actions of both 
sides in the organization of RPD to the contour of target distribu- 
tion is the average number of attacks n by the bombers. In the 


examined case 


A= iy + hy, (1.76) 


where n, — average number of attacks by the bombers occurring in 
region ly 3 

n, — average number of attacks by the bombers occurring in 
region 5 


To formulate the initial matrix of the effectiveness of methods 
of actions, it is necessary that each comparison of methods of actions 
of the sides be brought into conformity with the average number of 
attacks by the bomber aircraft. 


Assuming that the fighter No, guided into the group covered with 
active jamming, can with identical probability attack any of the 
aircraft of the group, including the one producing the jamming, in 
first approximation we can assume that 


= Re 
“= +n, " (1.77) 


Here Wim —- probability of the selection of the bomber from 


the total number of aircraft in the region of interferences Ny 
ng — number of bombers in region Tl, 


mn number of jammers in region Il, 5 


ny, - number of fighters guided into region Il, : 


Similarly for bomber aircraft covered by passive jamming 
(region I., ) and accidentally located in the interference band of 


length La 
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ay (1.78) | 


where Ag — maximum miss of the fighter selected according to 
conditions of overloads during the time of homing guidance; 


24 
T. — probability of entrance of the bomber into the region of 


possible attacks. 


Ze and small 


This formula is correct for small values of ratio 
In general it is necessary to use tne more accurate formula 


R=(i—e * 5 ney 


The magnitude of the miss Ao» selected during the time of homing 
guidance according to conditions of overloads, is determined by the 
range of homing guidance D,, relative speed of the fighter (or rocket) 


Vow and maximum overload Jn: For motion in a horizontal plane 
12 ok. 
4 =i. Ta (1.79) 


Ovn 


where De is determined by the range of the aircraft radar of the 
fighter taking into account the effect of passive jamming. 


The range of the radar on an aircraft flying in a cloud of 
passive jamming is determined by the effective scattering area [ESA] 
of the aircraft and by the number of dipoles entering into the pulse 
volume of the radar. For the case shown in Fig. 1.15 in the first 
approximation 


hated; ts 


D,= 0,100’ Now ’ C1480) 


where k, — suppression ratio of the radar by passive jamming; 


ee 0 a 


6 — width of radar beam with respect to half power in radians; 


O05 


TH 


average ESA of the aircraft ; 


Qa 
| 


6, -- average ESA of one dipole; 


speed of jammer; 


< 
I 


t.— rate of dropping of reflectors; 
no — number of simultaneously dropped packs; 


Ns — number of effectively acting dipoles in a pack. 
: Let us assume that Ly = 100 km, D, = 10 km, te = 5 g, V oscaegs 
= 500 m/s. Substituting these data into (1.79), we will obtain 


Ao = 10 km. 


Having all the necessary initial data, with the help of formulas 
(1.76), (1.77) and (1.78), let us formulate a matrix of results of 
actions of both sides (matrix of the effectiveness of methods of 


actions) 


(1.31) 





—— — 


An analysis of the matrix does not indicate evident advantages 


for any cf the methods of actions. 


The most profitable is method Ay (bombers in the band of passive 
jamming), inasmuch as in this case with any methods of the action of 
the enemy the average number of attacks by the aircraft will not 
exceed 0.8. With all other methods of actions the number of attacks 
can be great. For example, with the method of actions A, it can be 


equal to l. 


T2 

















The method of actions A3 is less profitable as compared to the 
method Ay; 1 
and Bs it gives a considerably large number of attacks by the bombers. 


inasmuch as for two methods of actions of the enemy B 


However, if we select the method of actions A, as the only one, 
then knowingly we will enable the enemy to apply method Bos providing 
him an average number of attacks by bombers equal to 0.8. Therefore, 
it is expedient in the examined case to select not any one method of 
actions but several methods, and the selection of each of them is 
produced by the random law with a definite frequency (probability). 
With this the enemy is deprived of the obvious definitiveness in the 
selection of the method of actions and is compelled to use actions 
on the assumption of a possible realization by us any of methods A 
A,, and Aa. 


1? 
2? 


The probability of the selection of methods of actions should be 
determined so that the average number of attacks by bombers is 
minimum. In terms of the theory of games this operation is called 
the transition from pure strategi:s to mixed. In the theory of games 
it is proved that in games of the examined form (matrix game of two 
players with a zero sum) each of the players has an optimum mixed 
strategy [15]. 


The conditionally cesired solution will be designated by S. In 


accordance with what has been said the structure of the solution 
should be in the following form: 


s,= (4 Ae 
Py P 9° . 
Here A> Ags and A — methods of actions; 


Po» and P, — frequencies of the application of methods of 


Pos 3 
actions Aj> Ay and Az. 


Let us assume that we found the optimum frequencies of the 
application of Pi> Pos and P 3 Then with any method of actions of 
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the enemy Bas Ba, and By the average number of attacks by bombers 
will not exceed a certain number N equal to the number of attacks 
with the optimum method of actions (in the theory of games N is 
called the value of the game)’. Consequently, if Pos Pos and P, are 
optimum frequencies of the apolication of methods of actions Ai» Ays 


and A then following system of inequalities is correct: 


3 3 
Pihiy + Paty, + Pity SN, 
Pais + Palins + Pil SN, (2.82) 
Palisa + Palin + Py SN. 


The left-hand side of the first inequality determines the average 
number of attacks with the method of actions of enemy Bi» the second 
inequality -— accordingly, with the method of actions B, and the 
third — with the method of actions Ba. The inequaiities must be 
recorded because in general not all methods of actions should be 
applied, i.e., all of them are not always useful. 


In those cases when knowingly it is known that all methods of 
actions are useful, instead of inequalities (1.82) corresponding 
equalities are written. However, at present this can be stated with 
full definitiveness for games with the number of strategies at least 
for one of the sides at not more than two (games 2 x 2 or 2 xn). 


The sum of frequencies Pi» Po> and P3 is equal to one, i.e., 
there always takes place the equality 


- 


Pit Ppt Pia. (1.83) 


The joint solution of the system of inequalities (1.82) and 
equality (1.83) exhausts the stated problem. 


For the convenience of calculations we will multiply all numbers 
of the matrix (1.81) by 10, and the value of the game will be 


IN — least number of attacks which can be achieved in given 
conditions. 


74 


oe og ee ne — o_o — 
= ra — 


{increased accordingly 10 times (N' = 10N). However, the desired 
frequencies Pas Pos and Pa are not changed. Matrix (1.81) will be 


written now in the following way: 


(1.84) 





Accordingly, the system of inequalities (1.82) for concrete 
yalues of the matrix (1.81) is reduced to the form: 


13P, + 10P,<— N’. 
F 8P,+-4P, <N’. (1.85) 
(6P, + 4P,+7P, <N’. 


Further we will divide both sides of inequalities (1.85) and equality 
(1.83) by N' and introduce the designations: 


P P 
i= ar b= pr t= Sh. 


Furthermore, to the left sides of the obtained inequalities there 
will be added certain nonnegative variables Zi» Zo» ard 2. in order 
to obtain equalities. Then inequalities (1.85) and equality (2483) 
will be converted into the system of equations: 
138, + 108, + 2, =I, 


&, +4,+2,=1, 
63, + 48, + 78, + 2, =I, (1.86) 


& +. +h= qr 


The problem leads now to the determination of such values fy 
Bos and 63 at which value N' will be minimum. Before finding 
E, (i = 1, 2, 3), let us define z,), 25, and Za. These variables can 
be equal to zero, especially in those cases when all methods of the 





oe NET Lege nates See mee, MSO omy oa Oe me nets 


actions are useful. .The inequality to zero of any variable z,(j = 1, 
2, 3) in the examined game indicates inexpediency of the application 
of any of the methods of actions. 


Let us express quantities by bo» and 63 in terms of Zio 2 


2? 
and 23! 
ty = — 25 — 2, + 22, 
g wee ree lie eee 
Se ey) 2=% 6 7 40 22 JO Ze (1.87) 


1 , 6 13 26 
egg ts at ig 2 Ty te 


Substituting these expressions into the last of equations (1.86), 
we will obtain 


7 2 15 7 u 
DF 21- Hat jo a= We (1.88) 


An analysis of the last equation shows that Z, = 25 8 om 
inasmuch as with an increase in any of them quantity 1/N' decreases. 
With an increase in 23 quantity 1/N' increases, and therefore 24 fx 0. 
This circumstance gives the basis to consider that one of the three 
examined methods of actions is not useful. 


In order to expose it, it is necessary to estimate successively 
the character of the influence Z2 on 6,1 =]... 2, 3) and. 2/N’. an 
this case it is expedient to start the estimate with €3> which 
determines the frequency of application of method Az, least effective 
at the first glance. 


Quantity §3 with an increase in Z3 decreases and turns into 


zero when 
1 
25 %° 


In order to be convinced of the correctness of the assumption 
on equality 63 = 0 (ineffectiveness of the method of actions Az), it 
is necessary to show that quantity 1/N' is maximum if Z) = 25 = 63 = 
= 0. 
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For this purpose with the help (1.86), let us express 1/N' in 
terms of Z)» 25, and E3! 


i | 1 7 i 
147 TS 1 Fa — Wee — Te 


An increase in any of the variables Zis 25s and 63 decreases 
1/N', and, consequently, 


t, = 0. 


From the first two equations (1.87) we obtain 


1 1. 
mays by: 
From equation (1.88) we find 


N= 4,96, 


Further we find the desired frequencies of the application of 
methods of actions Als Ags and A, and the minimum accessible (on the 
assumption that the enemy acts optimally) number of attacks by bombers: 


P, = 0,38, P, = 0,62, 
: P,=0, N 20,5. 


Thus, by applying methods Ay and A, in accordance with frequencies 
P, = 0.38 and Ps 3 0.62, we provide the lowering of the number of 
attacks oy bombers down to 0.5 irrespective of any possible counter- 
measures of the enemy in given conditions (certainly, under the 
condition that he does not apply any other methods of actions besides 
3} Bos and B3). In an analogous way the problem on the determination 
of optimum methods of actions of PVO is solved. The main distinction 
here consists in the fact that in virtue of the opposition of interests 
of the sides signs of inequalities are changed and that quantity 
1/N' will have to be not maximized but minimized. A corresponding 
system of inequalities has the form: 


a 





: 
| 





G7 1a + IF 1g + Fay aN; 
Wher t O:F 39 + Fite DN, 
Giiin + Gaiteg + alta aN, 


Here Vy» do» and q3 — frequencies of the application of methods 
4 
of actions Bi» Bas and By. 
For the examined example % = 0438, do * 02.02% q3 = 0, and 
N= 0.5. 


The realization of solutions of each of the sides is carried 
out with the help of random sampling, in particular, a table of 
random numbers. 


For example, if as a result of the solution of the matrix of the 
game there are found corresponding frequencies of the application of 
methods Ay and As: 


P, =0,38=0,4 and P,=0,62~0,6, 


then realization of the solution with the help of two-digit tables 
of random numbers is carried out by the following method. 


A table of random numbers is opened on an arbitrary page. On 
this page there is selected a number occurring on crossings of lines 
and columns selected at random. If in the thus found ti »-digit 
number the first figure is 0, 1, 2, or 3, then the method of actions 
A, is selected; if, however, this figure is 4, 5, 6, 7, 8, or 9, 


1 
then the method of actions A, is selected. 


The application of each of the sides of other methods of actions 
diftterent from the optimum will lead to great losses if the enemy 
will act optimally. 


In a real situation the number of methods of actions (quantity 
of pure strategies) for both sides will considerably large. 
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In general the matrix of the game contains m x n elements (1.75), 
and the solution of it is reduced to the solution of the following 
system of inequalities: 

Pri toe. + Pauling SN, 


eet @ eee4ete eee 


Pry + one + Pains ON, 


Pia toe. + Pann SM, 
Prt... FP el. 


For a strict solution of such a system of inequalities methods 
of a special mathematical discipline — linear programming, are 
applied. In particular, the example examined earlier was solved by 
this method. The quantitative solution to problems of linear 
programming with a relatively small number of lines and columns of 
the matrix (up to 3-4) can be obtained with the help of comparatively 
simple means of calculation. With a large number of elements of the 
matrix ‘he solution in a shurt period is provided only with the help 
of a computer. 


It is necessary to consider, and this is convincingly shown by 
an example of the calculation, that solution to the problem on the 
optimum method of actions cannot be conducted long before the 
beginning of the combat actions, inasmuch as results of it considerably 
depend on what methods of actions (what counteraction) must be 
expected from the side of the enemy. In virtue of this circumstance 
the solution should be found by taking into account the latest 
information about the enemy. The more accurately possible methods of 
actions of the enemy are determined, the more accurate the solution. 


In practice a strict solution is not always required. Often it 
is sufficient to have at least a rough approximation to the optimum. 
In many cases a rough approximation can be obtained on the basis of 
only an analysis of the matrix of effectiveness of methods of actions 
(matrix of the game). An analysis of the matrix consists ina 
successive examination of it on lines and columns. For the problem 
of target distribution [matrix (1.75)], with the examination of 
every line there is written the maximum number of attacks in series 


for every method of actions Ay» shers Ass ates An’ From the thus 
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obtained numbers there is selected the least fimanmane (in the theory 
of games this number is called the upper pure value or minimax). 


In the analysis of columns in series there is written the 
minimum numbers of attacks for each of the methods of actions By» 
Bos eo Bi> wea BA Selected from these numbers is the largest 
Ruaneuss (in the theory of games this number is called the lower pure 
value or maximum), 


The optimum solution provides a number of attacks of not more 
than fiweswexe. and not less than fiweneuss, 1.€., the inequality 


Neane mau itAnen mane is always correct. 


If Ruane nes@Auseuene, then the methods of actions for which this 
will take place are optimum, and there is no need to solve the matrix. 


For matrix (1.84), for example, results are characterized by the 
following figures: 


min max 


max min 





The lower and upper pure values differ considerably, and 
therefore it is. necessary to solve the problem completely. 


Obviously, in the case when Awsswexe 2Nd Avene use GO not differ 
very greatly, one of them can be accepted for the solution. If, 
however, the difference between the lower and upper pure value is 
considerable, then, undoubtedly, solution of the matrix is required. 


However, even in this case, as a rule, 4t is possible in the 
analysis of the matrix to reject beforehand repeated methods of 
actions (giving approximately an identical effect) and also methods 
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of actions clearly yielding to at least one of those represented 
in the matrix. 


In certain cases the direct counting of the probability of 
aircraft destruction in assigned conditions appears expedient. 


Given below is a concrete example of the determination of the 
probability of aircraft destruction under conditions of interferences. 


in a band of dipole reflectors. The density of the reflectors is 
sufficiently high so that radar observation of the aircraft in the 
clouds is excluded. The enemy [PVO] can destroy the first and only 
the first aircraft. The probability of destroying the lead aircraft 
by one rocket is considered set and equal to P. If the first 
aircraft, which is the producer of the band of passive jamming 
[jammer], is shot down, then its place is taken by the aircraft 
following behind it, which has the possibility of fulfilling the same 
functicn as jammer as that of the preceding aircraft. The probability 
of destruction of the lead aircraft is identical for all aircraft 
fulfilling the function of jammers. 


Let us asSume that k aircraft fly in series one behind the other | 
\ 


It is required to determine the probability of destruction of’ the 
k-th aircraft in the group if the enemy can equally produce n rockets. 
Fire is ceased after the shooting down of the k-th aircraft. The 
shooting down of the k-th aircraft (event A) can take place as a 


result of the approach of following incompatible events Ay> Ay, 


A 


hare eee yg n-k+1° 


Event A, (the aircraft is brought down after the launching 
equally of k rockets) can approach only by this method: each of k 
serially produced rockets strikes the corresponding lead aircraft 
with probability P. The probability of approach of event A is 
equal to 


P(A,) = Pd, 
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Event A, (k-th aircraft is brought down after launching of 


ue methods, the probability of the 


approach of each of the particular events being equal to (1 - p)pk, 
The full probability of the approach of event A, is determined by the 
formula 


k + 1 rockets) can approach by C 


P(A) = Cy! (1 P) PD, 


where a> - number of combinations of k elements with respect to 
k oo pie 


In general event Asay (the aircraft is brought down after the 


launching of k + j rockets) can approach by Sra methods. Accord-= 


ingly, the probability of each particular event is equal to (I--P)Ps, 


The full probability of the approach of event Assy is written 
in the form 


PA) Ch ll — PPS 


The full probability of the approach of event A interesting to 
us (shooting down of k-th aircraft by not more than n rockets) will 
be defined as the sum of probabilities PCAs), LBs 


a—t 
Pa(t)=P(A=S Chyh_,(l— PyPs. 
j=l 


The obtained formula permits estimating the necessary quantity 
of passive jammers in a column of aircraft, which provides overcoming 
the PVO by aircraft of strike groups with an assigned probability. 
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CH AJP TER 2 


ACTIVE JAMMING BY RADARS OPERATING IN SCAN CONDITIONS 


Radars operating in scan conditions comprise the basis of the 
system of information security of contours of target distribution. 
They provide information contours of long-range guidance. Usually 
the radars, operating in scan conditions, are territorially united 
into systems and subsystems sometimes called radar field. 


In most cases a radar of tne examined type operates in pulse 
conditions. The detection of targets at low altitudes can be 
provided by radars operating in conditions of continuous radiation. 
The character of the information loss inflicted by means of active 


jamming of the radar operating in scan conditions, in general was 
determined earlier. 


2.1. Methods of Estimating Information Loss 
Inflicted by Means of Active Jamming 


Earlier it was shown that the effectiveness of interferences 
depends on relationships of powers of the interference and signal, 
i.e., the interference can inflict a set information loss only under 
tne condition! 


*=(F),.2 on 


1QOne should not confuse coefficients k and ke. The first deter- 


mines the magnitude of the ratio of the power of interference to the 
power of the signal, which is obtained for the assigned distance 
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where ky —- coefficient of suppression of the given electronic 
device by the assigned form of interference; k — ratio of the power 
of interference Pg and signal P, at the input of the receiver. 


Coefficient k is a function of parameters of the station of 
interferences and suppressed electronic device, their mutual location, 
PLL Saas a See) | Rcxcat 


To estimate the effectiveness of interferences, it is necessary 
to set the dependence of the ratio of power of the interference to 
power of the signal (coefficient k) on parameters of the station of 
interferences and the suppressed device. 


We will consider that two aircraft (jammer PP and covered 
target aircraft Ul ) overcome the antiaircraft defense of the enemy 


(in this case one radar). 


Let us introduce designations for parameters characterizing the 
station of interferences and suppressed radar (Fig. 2.1). 


i Covered 
_ aircreft-tarcet 
- 7 


’ (ne) 
ee 
ee | 
F(0.0) eas 
Jammer (AN) 





—-- Pal =i 


Fig. 2.1. Variant of the creation of ac- 
tive jamming. 


Radar 


Parameters characterizing the system creating interference 32re 
the following: 


[FOOTNOTE CONT'D FROM PRECEDING PAGE] 

between the jamming transmitter and suppressed radar. The second 
coefficient determines the minimum necessary magnitude of this ratio, 
which provides a definite information loss. 
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Pa — power of jamming transmitter; 

Ga — maximum directive gain of the antenna of the jamming trans- 
mitter taking into account efficiency of the feeder; 

AF, - effective width of the spectrum of interference signal; 

Yn — coefficient considering the distinction of polarizations 
of antennas of the jamming transmitter and suppressed radar; 

Om — effective scattering area of the covered aircraft (target); 

Ds, :, Dy — polar coordinates of the jammer. Angles 0, and m, 
are counted off in corresponding planes from the maximum of the 
antenna radiation pattern of the suppressed radar (Fig. 2.2); 

De - distance to the covered aircraft. 


Fig. 2.2. Coordinates of the 
jammer PP in the pattern plane. 


Parameters characterizing the suppressed device are as follows: 

P, -— power of suppressed radar taking into account efficiency 
of the feeder; 

Ge — maximum directive gain of antenna of the suppressed radar 
(P.G. is frequently called power potential of the station); 

Afap ~ transmission bandwidth of the linear part of the receiver 
of the suppressed radar (it is assumed that AFg>Afgp); 

F(®, ®) — function describing the standardized antenna radiation 
pattern of the suppressed radar over the field; 

kn -— coefficient of suppression of the given radar by the given 
interference signal; 

Ar — equivalent surface of absorption (absorbing surface) of the 
antenna of the suppressed radar determined by formula 








Let us find the dependence of coefficient k on the enumerated 
parameters. 


The flux density of power of the interference signal at the 
input of the antenna of the suppressed radar is determined by formula 


| 


Pace 10, (2.2) 


where a — coefficient considering attenuation in the atmosphere 
(dB/km) with passage of the signal tc only one side. 


The power at the input of the receiver of the suppressed radar 


Pav = PaA,F* (bn, On) Ya-+ Puy. (2.3) 


Here Py — power of inherent . oises of the receiving device in 
the passband of the linear part of the receiver 


Ps =K TN wAfsp, 


where Kk#1,38-10-23 W/deg:Hz — Boltzmann constant; T — absolute tem- 
perature; Nm — coefficient of noise of the receiver. 


Usually the power of the interference signal considerably exceeds 
the power of inherent noises of the receiver. Therefore, in most 
cases the second component in (2.3) can be disregarded, i.e., 


Pans = Pa A,F* (05, On) Tn. 


However, in the calculation of the lowering of the range of the 
radar under conditions of noise interferences, it is necessary to 
consider inherent noises of the receiver. 


Entering into the receiver is only part of the power of inter- 
ferences, which is determined by the relationship of the width of i 
the spectrum of the interference signal and passband of the suppressed 
radar reciever. On the assumption of a rectangular approximation of 
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the spectrum of the interference signal and amplitude-frequency 
characteristic of the linear part of the receiver of the suppressed 
device, the power of interference on the input of the receiver within 
limits of the passband of its linear part is determined in the 
following way: 


Pyux = PuA,F* (bg, Oy) Ys oe 


= Se “ape AP be, ®,) Yn ap 10° Wien. (2.4) 


Similarly, for the power of the useful signal at the input of 
receiver of the suppressed radar it is possible to write 


Alo", 


Pos == 


far or (2.5) 
Substituting (2.4) and (2.5) into (2.1), we find the desired 

expression for the ratio of the power of interference to the power 

of the signal at the input of the receiver — coefficient k [suppression 

ratio]: 


pas oe | . 
P.O,AeDt ‘\E 0,16 (29,—D,) 
“rae Pte Ga) oF a0" (2.6) 


Expression (2.6) is called the equation of antiradar (jamming) 
for active jamming. It permits finding the ratio of the power of 
the interference to the power of the signal (coefficient k) depending 
upon parameters of the suppressed radar, the jamming station and 
their mutual location. 


Figure 2.3 shows the qualitative picture of the dependence of 
coefficient k on De and parameters Dy and P,Ge. As follows from the . 
given graphs, with the assigned power potential of the station of 
interferences P,G, and constant distance to the jammer Dg , the 
suppression ratio (k) at the input of the radar receiver decreases 
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Fig. 2.3. Dependence of the suppres- 
sion ratio (k) on the distance to the 
covered aircraft (De). 


* ¢@® with a decrease jn distance to the covered target aircraft. 
eo 4 oe @ e @e 
At a definite distance of the target aircraft from the suppressed 
radar ratio k will decrease so much that the interference will cease 
to act. The limit at the approximation to which the interference 
becomes ineffective is determined by equality 


huwh,. 


The region within which kek, (interference is effective) is 
called the suppression zone. 


The suppression zone can be found graphically (Fig. 2.4). For 
this on the axis of the ordinates it is necessary to plot the quantity 
Rn and draw a straight line parallel to the axis of the abscissas. 
The point of intersection of this straight line with curve k=k (Dc) 
determines the limit of the zone of suppression (Fig. 2.4) along one 
of the coordinates (range). 


As follows from formula (2.6), coefficient k and, consequently, 
limits of the suppression zone to a considerable degree are determined 
by the antenna radiation pattern of the suppressed radar. If the 
jamming transmitter acts with respect to the basic lobe of the antenna 
radiation pattern, then, obviously, the suppression zone will have a 
larger extent than in the case of suppression with respect to the 


lateral lobe. 
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Fig. 2.4. Suppression zone of radar 
by active jamming. 


Figure 2.5 shows in a polar system of coordinates of the suppres- 
sion zone of the radar with the assigned antenna radiation pattern. 
ie is clear from the figure that at the assigned power potential of 
the station of interferences and location of the jammer PP relative 
to the radar, the covered aircraft PS, can approach (without danger 
of detection) in alignment with the jammer (interferences act with 
respect to the basic lobe of the antenna radiation pattern) much 
nearer than in the case if PS» flies toward the radar not in alignment 
with the jammer PP (interferences act with respect to the lateral 
lobes). 
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Figs 225% eee zones of tne radar by 
the jamming transmitter in a polar system of 
coordinates. \ 











In other words, the detection range of the first covered aircraft 


PS, will be less than the detection range of the second aircraft 


ry 


s 
PS. 1D. van, < De van, however, in both cases it is less than the authorized 


range of the radar (Dy war, < De wen, < pac wane) 


The increase in power potential of the station of interferences 
leads to the displacement of the limit of the suppression zone in the 
direction toward the radar. 


In carrying out practical calculations by definition of limits 
of suppression zones, : it is important to know the level of lateral 
lobes with respect to the basic lobe of the antenna radiation pattern. 
The level of lateral iobes and their fine structure are an individual 
characteristic of the radar and depend on the position of the antenna. 


For tentative calculations it is possible to take approximately 
levels of the first and second lateral lobes 20 and 30 dB, respec- 
tively, below the level of the basic lote of the antenna radiation 
pattern [40]. 


The case of combination of the jamming transmitter with the 
covered aircraft is of interest. Formula (2.6) is simplified 
accordingly and takes the form 


0,16:D,. 


hae Fete pt tal (2.7) 


If we disregard the absorption of electromagnetic waves in the 
atmosphere (a = 0), then from (2.7) it is possible to find easily the 
formula for the minimum range of suppression, having placed into it 
k=wh,: 


ss knP.O.6 OF, 
Dawe=V ip gege (2.8) 


Sometimes formula (2.8) is called the range formula of the Jamming 


transmitters. 
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The minimum range of suppression in general can be found from 
formula (2.6). 


With the approach of the jamming transmitter to the radar, the 
effectiveness of the interferences drops (suppression ratio decreases). 
This is explained by the fact that in the process of the approach of 
the aircraft with the jamming transmitter to the radar th? power of 
the signal reflected from the aircraft increases faster than the power 
of the interference at the input of the radar receiver. 


Actually, the power of the signal reflected from the aircraft, 
is inversely proportional to Ds, and the power of the interference 
signal —- D. 


Formulas (2.6) and (2.8) are correct, if the receiver is not 
overloaded by interference. 


The real receivers and indicator devices have a iimited dynamic 
range, so that usually there exists a certain value of the power of 
interference Pymwane, at which the overload of the receiver approaches, 
after which it loses the possibility of fulfilling its functions in 
separating advancing information. Figure 2.6 shows two cases of the 
amplification of the mixture of the signal and interference. Case a 
corresponds to such a level of interference Pp, at which there is no 
overload of the receiver. The signal is confidently observed against 
the background of interferences. Case b corresponds to the overload 
of the receiver by interferences of great intensity. Although the 
power of the signal is considerably greater than the power of the 
interference, the signal at the output of the receiver is not observed. 


Figure 2.7 qualitatively shows the dependence of absolute values 
of powers of the interference Pp and signal Pe and also their ratio 
k from range D.e(De=Dg). Plotted on the axis of the ordinates is the 
value of the suppression ratio ha and, furthermore, the value of 
maximum power Pamware at which the overload of the receiver occurs. 
Curves of Fig. 2.7 correspond to the case when the overload of the 
receiver approaches with the power of interference Pe ane greater than 
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Interference 


Fig. 2.6. Overload of the receiver by 
interferei::s of great intensity: 4 — 


voltage of interference; uw, — voltage of 


signal; a) case of the receiver overloaded 
by interference; b) case when the receiver 
is overloaded by interference (but s,>m, ). 
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Fig. 2.7. Suppression zones by ac- 
tive jamming of the radar with a 
limited dynamic range of the re- 
ceiver. 


that which is necessary for suppression at the assigned suppression 


ratio ky 
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Therefore, in the interval of ranges D,,,,and De, the receiver 
will not be suppressed. However, starting from range Dey and up to 
zero ranges, it again will be suppressed but owing to the overload 
of the receiver-indicator device. In principle there can be the case 
when Das>D, um, ; and then the effectiveness of interferences at short 


ranges will be greater than at large ranges. 


At present in radar measures are taken to weaken the action of 
strong interferences (limitation, instantaneous automatic gain control 
[AGC], etc., [20]), and therefore in tne determination of minimum 
range of suppression Dawa one should not count on the effect of 
overload of the receiving device of the radar. 


Region of Ambiquity 


The concept "suppression zone" pertains to one radar. It is 
introduced for estimating the action of active jamming in statics. 
In reality in the overcoming of antiaircraft defense, information on 
target position data enters into control centers of (guidance) from 
several radar located in different places. Information about targets 
and jammers in centers of control is processed, and data of one radar 
are supplemented and refined with the help of data from other radar. 
Therefore, in the dynamics of combat the region of the action of 
interferences (region covered by interferences), in general, will not 
correspond to the suppression zone. 


For example, if data on coordinates of the jammer (PP) proceed 
from two radars (Fig. 2.8), then as a result of their comparison 
(analysis) one can determine the position of PP with greater accuracy 
than in the case of one radar (with two radars the base method of the 
measurement of range can be applied). 


For each of the two radars we have, accordingly, suppression 
zones determined by areas of sectors Sy) and So. A comparison of these 
zones, besides solving the problem of the measurement of range, per- 
mits to considerable extent increasing resolving power of the system 
of radars under conditions of interferences. 
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Fig. 2.8. Region of ambiquity forming 
around the jammer. 


The accuracy of determining the coordinates of the jammer and 
aircraft covered by it depends on the magnitude of sectors Sy» S5 and 
magnitude of delay in the entering of information from different 
radars. In the analysis of data from two radars the accuracy of 
determining the coordinates of PP will be increased, but nevertheless 
will remain smaller than in the case of operating without inter- 
ferences. Thus, the presence of interferences leads to the formation 
around the jammer of a certain region Sy, called the region of 
ambiquity. The dimensions of it are determined by the resolving power 
and accuracy of the radar system under conditions of interferences. 


It is obvious that with several radars 
Ss<Si, Ss, ee 5 Sa 


In a particular case of one radar the region of ambiquity 
coincides with the suppression Zone, i.e., 


Sa nS, 


Dimensions of regions of ambiquity very approximately (neglecting 
the delay) can be found with the help of formuias (2.6), (2.8) and 
curves shown in Fig. 2.4, 2.5 and 2.7. By knowing the dimensions of 


94 








regions of ambiquity and the character of their change with time, it 
is possible to solve certain jamming problems: 

~ determine the minimum ranges of suppression; 

— find safe sections of the route in the zone of antiaircraft 
defense; 


— calculate the orders of forces and means of jamming necessary 
for the suppression of a given radar system. 


2.2. Continuous Noise Interferences 


Radars operating in conditions of scanning, in principle, can 
be created: 


— continuous noise interfevences, 
— pulse interferences. 


Figure 2.9 shows the approximate form of radar screens in the 
case of the action on them of noise and pulse interferences, 


&) 





¢) 


Fig. 2.9. Form of plan posi- 
tion indicator [PPI] of radar 
with the influence active jam- 
ming: a) weak continuous noise 
interferences; b) interference 
of average intensity; c) strong 
interferences; d) action of con- 
tinuous noise and pulse inter- 
ferences. 
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Figure 2.9a corresponds to the influence of weak continuous 
noise interference on radar. The presence of several bright rays 
on the screen {s explained by the influence of active jamming on 
lateral lobes of the antenna radiation pattern of the given radar. 


An increase in power of the interference at the input of the 
receiver leads to the expansion of lighted sectors (Fig. 2.9b). Very 
intense interferences lead to an overload of indicator, as a result 
of which almost the whole screen of the radar indicator is lighted 
(Fig. 2.9c). Within limits of the lighted sectors quite powerful 
interference signals exclude the possibility of radar observation 
of targets. 


A direct result of the action of continuous noise interferences 
is the camouflage of useful signals in a certain solid angle and 
corresponding range interval. Due to this the resolving power 
considerably worsens, and the accuracy of determining the direction 
toward the target decreases. Measurement of range with the help of 
radar can in general be excluded over a prolonged time. 


' Noise interference signals are the most universal among the 
interference signals known to the present time. They provide the 
fundamental possibility camouflaging useful signals of any structure 
and form. If the interference signal constitutes white Gaussian 
noise, then the probability of correct detection of the useful signal 
in noises at the output of the optimum receiver is determined only 

by the ratio of energy signal E to the spectral density of noise G 
and does not depend on the form of the signal. Moreover, as the 
theory of the detection of signals in noises shows, the threshold 
relationship (E/G)nop, which corresponds to the assigned probability 
of detection with a certain probability of a false alarm, does not 
depend on the realized method of optimum processing of the signal. 
Therefore, to create effective noise interferences it is necessary 
and sufficient to provide only the definite value of the ratio E/G, 
which corresponds to the permissible value (with respect to conditions 
of the overcoming of antiaircraft defense PVO) of the probability of 
correct detection of the useful signal in noises and the assigned 
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probability of a false alarm. 


The coefficient of noise suppression by the interference signal 
of pulse radar, operating in scan conditions stands for such a value 
of the ratio of power of the interference signal Py, within limits of 
the passband of the linear part Afnp, to the puwer of the useful signal 
P, at the input of the optimum receiver at which the probability of 
correct detection of the train of n pulses is equal to D = 0.5 with 
the probability of a false alarm Q = 107?. 


In this case the optimum receiver in the sense of Neumann-Pearson 
is considered, which provides the greatest probability of correct 
detection D at the assigned probability of a false alarm Qo: This 
receiver, in the case of incoherent high-frequency pulses of trains 
is constructed according to the following block diagram: 

—- linear part of the receiver, which is the optimum filter for 
each pulse of the train; 

—- linear detector; 

— post-detector pulse integrator. 


The optimum receiver of incoherent high-frequency pulses in 
practice is realized in the form of a standard superheterodyne 
receiver with a plan position indicator as the integrator (indicator 
with afterglow). 


The theory of detection determines the dependence of the proba- 
bility of correct detection D on the ratio of the power of the signal 


to the power of the noise interference gy 28 and on the number of 


pulses n in-a train with the assigned probability of a false alarm.} 


1The value of the probability of a false alarm in certain cases 
can vary in comparatively wide limits. Thus, for example, with a 


change in the probability of the false alarm of 10° times, the signal- 
to=-noise ratio corresponding to the probability of correct detection 
equal to 0.5, changes a total of 1.4-1.5 times. 
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These dependences for useful signals with a constant amplitude 
are depicted in Fie. 2.10a. If detection of a fluctuating signal is 
produced, then it is possible to use the characteristic of detection 
given in Fig. 2.10b. 





Fig. 2.10. Characteristics of detection: a) 
deterministic signal; b) fluctuating signal. 


Let us assign Q) = 107°, then the value D = 0.5 is ensured if 


qVa=s (2.9) 
where 
g=V 2b VEEP IPIn IP a)es* (2.10) 


From (2.9) and (2.10) the formula for the suppression ratio is 
easily obtained by the noise interference signal of pulse radar 
operating in scan conditions 

a 
kg=- (2.01) 

Let us express the suppression ratio kg in terms of parameters 
of the radar: the pulse repetition frequency width of beams of antenna 
radiation pattern and speed of rotation of the antenna of the sup- 
pressed radar. 


The number of pulses n in the train is determined by the irradia- 
tion time of the target in one scanning cycle and the pulse repetition 
frequency 


n= fogal,, (2.12) 
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where fosa — irradiation time of the target; Fy —- pulse repetition 
frequency. 


Let us find the irradiation time 


toa =aetm, (2.13) 


where 65 Baer half-pcwer width of the antenna radiation pattern 
of the suppressed radar; N — number of revolutions of the antenna 
per minute. 


Taking into account (2.12) and (2.13), from (2.11) we will 
obtain the desired expression for the suppression ratio ae: 


ba giittt. : (2.14) 


Formula (2.14) is obtained on the assumption that the beam of 
the radar antenna scans only in azimuth and that the interference 
signal constitutes white Gaussian noise. 


White Gaussian noise possesses the greatest camouflaging 
properties among other random interference signals of assigned power. 
The real noise interference signals, created with the help of Jamming 
transmitters, according to statistical and spectral characteristics 
differ from white Gaussian noise in virtue of which they yleld to 
it with respect to camouflaging possibilities. 


As was already noted earlier, the measure of camouflaging ability 
of noise can serve as its entropy or entropy power. 


Prior to detection of the target is the a priori uncertainty. 
The a priori target with a certain probability P, can appear in each 
i-th elementary volume (pulse volume) of space serviceable by a 
certain radar. Designating by A, the event consisting in the appear- 
ance of a target in the i-th elementary volume, it is possibie to 
compose a probabilistic scheme A, which considers the a priori ine 
formation about the target 
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The quantitative measure of uncertainty given by the probabilistic 
scheme is entropy, which is determined by the well-known formula: 


H(A)=—¥ Pr log Pr. 


ial 

If radar operated in the absence of interferenc.s, then as a 
result of the processing of signals arcepted for tne cycle (or 
several cycles) of the scanning the a priori uncertainvy would be 
completely removed, which corresponds to the equality to zero of the 
a posteriori uncertainty H(B). In this case after the experiment 
we would obtain exhausting information about the distribution of ; 
targets in the serviced space and their coordinates. The quantity 
of information obtained as a result of the reception of signals is 
estimated by the quuntity of information which in this case is equal 
to 

f=H(A), 

With the creation of interferences to radars after reception of 
the signils and their processing, the uncertainty is not completely 
removed. in the first approximation entropy, which corresponds to 
the a posteriori uncertainty, is equal to the entropy of the actuating 
noise interference signal Hn. . Therefore, under conditions of the 
action of interferences the quantity of information obtainea vy radar 
is equal to 

1=H(A)—Hg. 
Thus, the quantity of information obtained by the enemy from the 
given radar can be decreased owing to the increase in the entropy of 
the interference signal. 


Let us consider several examples of the calculation of entropy 
of the interference signals. 
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We wiil consider that the random veriable X is assigned by the 
one-dimensional density of the probability distribution p(x). The 
ertropy of this random variabie can be recorded in the form 

, 2 
H (X)=— ( p(x) log p(x) dx. (2.16) 

-o . 

In real conditions thc noise created by appropriate devices 
has limitations both in maximum accessible values end in terms of 


average power (dispersion). 





Let us set the problem to detect for noise interference sigials, 
which are represented by one-dimensionzl distributions and having 
an identical limitation for all signals with respect to maximum 
overshoots or average power, such laws of distribution p(x) to which 
maximum entropy corresponds (2.16). Let us note that the given 
problem pertains to the class of tne so-called isoperimetric problems 
of calculus of variations, which are formulated in the following 
way: among all clused curves with an assigned perimeter find the one 
which covers the greatest area. The given formulation corresponds to 
the following analytic recording [21]. 


i 


Let us assume that there is assigned integral functional 
) . 
Se aa, (20275 


where p — a certain desired function of x. 


Let us assume that m limitations, superposed on the variable x 
and function p are also assigned 


6 ; 
\r (x, p)dx==C,, 


6 ee , 
[v(x p)de= a (2.18) 
é er: 


& 
{ em(, p)dz =C,,, 
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where ba ese FE certain ascigned funct.lons. 
iy 


It is vequired te find such function p(x) which provides the 
maximum of functional (2.17), taking into account limitations imposed 
by conditions (2.1lv). 





The given problem in a certain meaning is analogous to the 
proolem fur detecting the conditional extremum. Its solution can be 
obtainea with the help of the indefinite Lagrange multipliers. 


The maximum of the functional is reached for such p(x) which 
provide conversion into zero of the following linear combination: 


Se ba Get ta Feb. paw Ts 0, (2.19) 


where Avs hos sr eiate dn - indef!nite Lagrange multipliers. 


In examined conditions the functional is an integral representa- 
tion of entropy (2.16). The system of conditions (2.18) is determined 


by limitations impcsed upon noise. 


Let us examine the case when noises are limited identicaily 
from above and from below, i.e., —UpqgxqQUg, and can be represented 
by a one-dimensional distribution. The entropy of the random variable 
X is equal to 


7) 
H(X)a— Pts) in p(x)dx. ‘ 
Os —Ve 

In all one limitation imposed on p and x is 


uv 
{ P(s)deent, (2.20) 
= 

Let us find functior p(x), providing the maximum H(x). 


Tt is easy to see that for this problem it is possible to write 


F(x, p)=— p(x) In.p(x), 
9(%,p)=p. ~ 
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Then equation (2.19) will take the form 


In p (x)= 4,—1 
or ji 
p(ssze™! (221) 
Consequently ‘ 
Us 
el drs 1 (2.22) 
=U, 
or a 
9e'—'U, = 1. (2.23) 


Substituting (2.21) into (2.23), we obtain 


p(x)U,=1. 
Hence 


Pl=g,- (2.24) 


Thus, of al] the noises limited from above and from ovelow represented 
by one-dimensional distribution, the one for which the jensity of the 
probability distribution is uniform has the maximum entropy. The 


value of the entropy of such noise is equal to 


Hy(X)=—In-g-entn Wy, (2.25) 


In the second example let us define the law of distribution of 
the one-dimensional random variable providing the maximum of entropy 
of noise represented by this distribution and limited in average 
power (dispersion). The maximized functional will be recorded in the 
following way: , 


H(X)=x — f p(x)in p(x)de. 


The system of limitations has the form 
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x*p(x)dx =o’, 


p(x)dx=1, 


joe foe 


It is obvious that 
9, = Pp (x), Ps = x*p (x). 


o“_—- om: => => 


Fulfilling transformations analogous to those made aBové, we 
obtain 


_ a 
Pi)= = . * , 





Consequentiy, with the limitation on average power the vest noise 
will be Gaussian noise. 


The entropy of the random variable distributed according to the 
normal law is equal to 


HytX)=In y Dres®. 


In reai conditions the noise voltage inhvrently both in average 
power and in terms of maximum overshoots, in virtue of which the 
optimum distribution will differ both from the uniform and from the 
Gaussian [22]. 


Examinea above were examples of dcet-cting laws of distribution 
giving maximum entropy in the class cf random procesces completely 
described hy the one-dimensional density of distribution. The real 
interference signal is determined by the assignment of multiaimensional 
densities of the probability of distribution. 


The noise, which has limited width of the spectrum Fy, and limited 
aduration in time 1, can be in accordance with Kotel'nikov's theorem 
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Simply determined with the help of the fi.uite number of values equal 
to 2TFyz. If the components of noise (random variables), alternating 
through time im are independent random quantities (the correlation 


between them is absent), then the entropy of such a process is defined 
as the sum of the entropics of all 27F, random variables, i.e., 


arr, 
H, — »y Hat. 
lal 


The stationary noise has identical dispersion for all 2Fg7 components, 
and therefore for it 


H,= 2T FH. 


If the noise is Gaussian, then 


H, =27 Fy in Sees. 


The results obtained make it possible to estimate quantitatively 
the masking properties cf different noises. For this purpose it is 
expeulent to use these concepts: entropy power and noise factor. 


The entropy power of noise with band F, and duration T means the 
power of white Gaussian noise Pao with the same band and duration, 
the entropy of which equals the entropy of the examined noise: 


H,,=27 Fall's, 
where HM’g — entropy on one degree of freedom of real noise. 


In accordance with the determination, the entropy power of the 
real noise can be fourd if its entropy is equated to the entropy of 
Gaussian noise 


H,, =2T Fein SnePe, 


Hence the entropy power of the real noise 








Pay = yee". 





The noise factor M is called the ratio of entropy power of the 
real noise to its average power, i.e., 


i, 


where Pap — entropy power of the noise; Py —- average power of 
the real noise. 


For white Gaussian noise 
u™ }. 


For any other noise with the assigned power different from the 
Gaussian 


Te<l. 


The factor f« defined in such a way characterizes the quality of 
the masking properties of noise. Sometimes the noise factor n is 
determined by experimental means by estimating the values of the 
suppression ratios of the specific device to white Gaussian noise 
and certain assigned real noise. | : 


In this ease the factor n is found as the ratio 


1S (2.26) 


where &g — suppression ratio under the action of white Gaussian - 
noise, &,; — suppression ratio under the action of real noise. 


It is natural that suppression ratios are determined under 


identical conditions on the basis of the same criterion of acceptance 
of the optimum solution. 


106 


SE EE = 


PES POTN See LP ere 





Taking into account (2.26) the formula for the suppression ratio 
by noise interferences (2.14) takes th2 following form: 


F,t i 
ke = Nee! ues ch 


2.3. Peculiarities of the Radar Suppr-ssion with 


Continuous and Quasi-Continuous Radiation 
Narrow-Band Radar) 


The ratio of powers of the interference and useful signals at 
the input of a suppressed radar pulse ky within limits of the pass- 
band of the linear part of the receiver is determined by the antiradar 


equation 
= P,G, 4a af, 8 
ha= BGs 0, Ov ake te 
where Pen: — pulse power of the radar; Afnpn — pasctand of the 


linear part of the recetver of nulse radar. 


Let us assume that the pulse radar is converted into conditions 
of continuous radiation witnout a change in average power of the 
transmitter and all remaining parameters with exception of the pass- 
band of the receiver, which becomes narrow with the transition into 
conditions continuous radiation in an appropriate way. 


Let us estimate the ratio of powers of the interference and 
desired signals at the input of the radar, considering parameters 
of the transmitter of continuous noise interferences to be constant. 


Before making such an estimate let us note that the narrowing 
of the passband of the receiving device of the radar of continuous 
radiation can be performed up to a certain minimum permissible value, 
determined by the expected character of the a priori unxnown changes 
in parameters of motion of targets serviced by the given radar. These 
considerations determine the minimum bandwidth of the transmission 
of one elementary link (one "tooth") of the optimum comb filter. 
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Assuming, thit in pulse radar optimum filtration of the pulse 


train is provided, It is possible to take 
Afnp u= QAfap w. 


Here Q — off-duty fact of pulse radar, which is approximately 
equal to tne number of spectral lines in the main part of the spectrum 
of the sequence cf square pulses; Afap n ~ minimum permissible pass- 
band of the linear part of the recelver of the radar of continuous 
radiation or, accordingly, one elementary "tooth" of the optimum 
filter of the pulse radar; Afnp, — minimum permissible passband of 
the linear part of the receiver of the pulse radar equal to the sum 
of passbands of separate "teeth." 


In accordance with the accepted assumptions the powers of the 
pulse radar and radar of continuous radiation are connected with each 
other by the analogous relation 


Py= P,Q. 


If one were to consider further the transmitter of continuous 
noise interferences to be the selective [spot] with respect to the 
spectrum for pulse radar, i.e., to consider AFp=Afnpy», then the 
antiradar formula in reference to the radar of continuous radiation 
will be thus written: 


b= PG, An D te P .G,4nD2y, 
: PreaGe f = Q P, aGreg . 


where b= (54) — ratio of the power of interference to power of the 
at = 


signal at the input of the receiver of the radar of continuous radia- 
tion within limits of the passband of its linear part. 


Considering that in this case Afy.,/AFg==1, we will obtain 


= ty 
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1.e., in other words, the ratios of powers of interference and useful 
Signals within the passband of the linear part of the optimum receiv- , 
ing devices are identical for pulse radar and rudar of continuous 
radiation if the jamming transmitter is selective over the spectrum | | 
for pulse radar, and if the average powers of the radar are equal. 
If, however, the width of the spectrum cf interfererc.: is changed so 
as to provide selectivity ot t.e transmitter over the spectrum 
acvordingly for each radar, tnen with constant average power of the 
Jamming transmitter and with the equality of the average powers of 
both radars 


= ee eee a 


hu=Qhy, 
i.e. , nois%-to~sigial ratio for continuous radar is Increased Q times. 


We made comparison a comparison of the radar of continuous 
radiation with the idealized pulse radar. As applied to real pulse 
radar with the incoherent proccssing signals, the expressed considera- 
tions can be referred to with great reservations. The suppression 
ratio by noise interferences of radar of continuous radiation can be 
determined with the help of the Ncumann-Fearson criterion of detection 
is similar to that which was done for pulse radars. It is obvious 
that the supyression ratio of radar of continuous rediation by noise 
interference signals of an assigned spectrai density will be equal to 
the suppression ratio of pulse radar if the equality of energies 

- Signals and their identical processing in the receiver take place. 
In particuler, with the equality of average powers of radar of pulse 
and continuous radiation, the suppression ratios by their fluctuatijne 
noise signal are equal if the parameters of scanning are identical. 


MRM ke Se peer ’ 
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2.4. Peculiarities of the Suppression of 
Broad-Band xadars with Coding 


Broad-band radars with coding appeared in connection with the 


preblem »f increasing the resolving power in range with a simultaneous 
increase in preservation of the detection range of small-size targets. 
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An increase in resolving power in range can be attained in 
rrinciple by two methods. 


The first classical method is based on the decrease of duration 
of the main pulse te However, this method has a considerable | 
deficiency lying in the fact that for preservation of the range of 
radar with a decrease in T it is necessary to increase the pulse 
power of the radar Py. An increase in pulse power conflicts with 
the fundamental and technical difficulties, conhected with generation 
and transmission of high-frequency electromagnetic oscillations of 
high power. At present the limit of the pulse power is P, orders of 
several tens of megawatts. : 

The second method of increasing the resolving power is based 
on the special coding of the radiated pulse relative to the long 
duraticn Tx and optimum processing of the received signal in the 
radar receiving device, which provides compression of this pulse to 
the duraticn Tax (Fig. 2.11). 





t 
Fig. 2.11. Pulses at the input (tx) and 

output (tex) of the optimum radar receiver 

with the coding of signals. |. 


In the system with the compression of pulses there is generated 
and is transmitted a coded pulse having a duration ™T and width of 
the spectrum of frequencies Afi where tMfx>!. After the appropriate 
processing in the receiver there appear short pulses with a duration 


of %, =Z-< THe 
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The pulse with a duration Tax at the output of the receiver 
determines the resolving power of the radar. The energy of the 
Signal is determined by the pulse power of the radiated pulse and its 
duration Tk. Thus possibility of increasing the energy of signal is 
ensured owing to the increase in pulse width T. without impairment of 
the range resolving power. 


Ratio N= is called the compression ratio. 


It is necessary to consider that with the assigned average 
power of the radar transmitter, the second method of increasing the 
resolving pewer of the radar (coding) does not lead to any special 
power gains as compared to the first (proportional increase in power 
with a decrease in pulse width). Moreover, due to losses with com- 
pression in the second case there will take place a certain power 
loss as compared to the direct method — increase in energy of the 
pulse signal. However, owing to the possibility of the considerable 
expansion of the spectrum and increase in average power, broad-band 
radars have a higher noiseproof feature. 


An example of similur kinds of devices can be the system with an 
intrapuise linear frequency modulation [25]. In this system the 
carrier frequency of the radiated pulse of duration tT is changed 
according to the linear law in a certain frequency range fi-f (Fig. 
2.12). On the receiving side the signal is passed through the optimum 
filter, which possesses dispersion properties. An example of such a 
filter in principle can be a waveguide, for which, as is known, the 
group (phase) propagation velocity of wave Upp depends on the fre- 
quency. 


The dispersion cheracteristic of the filter, shown in Fig. 2.12b, 
provides a more rapid passage (less than the time of the lag) of 
high frequencies of the signal spectrum. In combination with the law 
of the change in carrier frequency of the generated pulse, shown in 
Fig. 2.l2a, this allows ln principle the possibility of compression 
of the pulse at the output of the filter (line) up to a certain 
duration ta:=tW/N, where NDI. i 
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Fig. 2.12. Law of the change 
in carrier frequency of the 
main pulse (a) and dispersion 
characteristic of the optimum 
radar filter with intrapulse 
modulation (b). 





Let us show that with the assigned spectral density of the noise 
interference signal, the ratio of the power of the useful signal to 
the power of noise at the output of the iinear part of the receiver 
remains identical for the standard pulse radar and broad-band radar 
with coding if their average powers are identical and resolving 


powers are identical. 


We will limit ourselves to an examination of the case simplest 
for analysis of the phase-keyed signal (Fig. 2.13a). If the 3ignal 
with amplitude us manipulated in phase, as is shown in Fig. 2.13a, 
is fed on delay line with N = 7 taps, into some of which (4, 5, and 7) 
phaseinverter circuits are included, then in virtue of the coherence 
of signals and their cophasing only during time t%/N az the output 
of the adder (Fig. 2.13b) connected to these taps in first approxima- 
tion will we obtain a pulse with a duration of tJN and with amplitude 
uy VN. After the adder the convolute pulse [Translator's note: The 
term "convolute" is net verified] joins the input of optimum fo: the 
given pulse of the filter. It is not difficult t. note that as a 
result of the examined transformation, the energy of the convolute 
pulse realized in the resistance of 1 is equal to the energy of the 


input signal 


E=u*r,/2. 
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Fig. 2.15. Diagram of the ;vocess of treating 
pulses in an onvimum receiving device (a) and 
functional diagram of the device for compression 


(b). 
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The power in the convolute pulse is equal to u? = N/2. The pulse 


of precisely the same power and duration (energy) can be obtained 
with the assigned average vower directly by increasing the ofr-duty 
factor of the radar N times owing to the correspondinc decrease in 
pulse width and increase in its amplitude. The pulse width must 
decrease N and its amplitude increase VN times. 


Thus, in a certain case pulses of identical duration proceed 
into the input of the optimum filter included after the adder. Ineas- 
much as the band of optimum filter in both cases is the same, then in 
virtue of the itncoherent addition powers of noises and ratios of 
power of signals to powers of noises at outputs of the filters will 
be identical. Hence there directly follows the conclusion concerning 
energy equivalence with respect to the suppression ravios by noise 
interferences of radar with *toding and the standa:‘d radar pulse if 
they have identical average powers, optimum processing of signals in 
the receiver~indicator channel and identical time of target irradia- 
tion. It should be noted that this conclusion is a direct result 
of the theory of detect? dn. 


The given reasoning permits estimating the suppression ratio by 
noise interferences of broad-band radar with coding. According to 
the earlier given determination, the suppression ratio means the 
minimum necessary ratio of the power of interfersnce to the power of 
the signal within the passband of the linear part of the receiving de- 
vice, in this case the optimum filter. The power of the signal at 
the input of the radar with coding will be determined by the power of 
the nonconvolute pulse of the amplitude Ux. Inasmuch as the power 
of the nonconvolute (long) pulse is N times less than the power of the 
convolute (short) pulse, then in virtue of earlier set energy 
equivalence the suppression ratio of the broad-band radar with coding 
will be N times ore than the standarca pulse radar with the same 
average puwer and witk the same resolving power. In practice in 
virtue of the nonideaiity of the operation of the convolution of 
the pulse the suppression ratio will be in all (0.6-0.8)N times more 
than the suppression ratio of the corresponding pulse radar. 
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The necessary power potential of the noise jammer will remain 
. constant if the average power of the radar with coding is not changed 
and the spectral density of the noise is constant. Actually, the 
ratio of the power of interference to the power of the signal at the 
input of the radar with coding is equal to 


sas Pest =D ra Ya 


cuUe Og 


where Pex — power in the pulse radar with coding. 


Since 
Poni, 


where Pex — power of the equivalent pulse radar, then &y will be 
N times more than the ratio of the power of interference to the power 
of the signal at the input of the equivalent pulse radar: 

pated P.C, dn Afe s 
k= Py aGe 7, &* iF, Ta- 

However, in view of the suppression ratio of the standard pulse radar 
smaller than N times, the necessary power potential of the Jamming 
transmitter PaGay » other things being equal, in both cases wili remain 


constant. 


In the case when pulse powers of the radar with coding and the 
standard pulse radar with the same resolving power are equal, the 
power potential of the jamming transmitter necessary for suppression 
of the radar with coding is ircreased N times (or more accurately 


(0.6-0.8)N times). 


2.5. Model Block Diagrams of Noise 


Interference Stations 


A block diagram of a noise interference station to pulse radar 


is depicted in Fig. 2.14. 
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Fig. 2.14. Block diagram of the station of 
noise interferences to pulse radar. 


Signals cf the suppressed radar are taken by antenna A amplified 


> 
in the reconnaissance receiver RP and enter into the teem at 
memorization circuit SZCh where at a defined time ¢3 the carrier fre- 
quency of the suppressed radar is stored. The frequency memorization 
circuit controls the tuning unit of the jamming transmitter BPP, with 
the help of which the transmitter itself is directly tuned (oscillator 


r) to the carrier frequency >of the suppressed radar. 


From the output of the reconnaissance receiver signals join in 
the circuit of indication and registration, serving for their anelysis 
and determination of the form of modulation. The latter is realized 
bv the modulator M. 


The radietion of the interference signal is carried out by the 
transmitting antenna A,- 


Ree-iving and transmitting antennas (A, and Ay) in stations of 
radar reconnaissance and interferences can have circular polarization, 


in virtue of which the coefficient Ya in formulas of antivadar is 
equal to 


ya==0,5. 


The band range of antennas is estimated by bandwidth of trans- 
mission referred to the average carrier frequency. 


The reconnaissance receiver (RP) serves for the amplification of 
the received signals. Depending upon the assignment of the station 
of interferences it is realized either by a circuit of direct ampli- 
fication or by a superhete~odyne circuit. 
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The circuit of frequency memorization (SZCh) memorizes the 
carrier frequency of the suppressed radar at the assigned time. The 
SZCh has high requirements with respect to the recording of the 
carrier frequency of short-term pulse signals and its memorization 
for a sufficiently long time. 


The turing unit of the jamming transmitter (BPP) determines the 
accuracy and time of fine adjustment of the jamming transmitter at 


value of the carrier frequency assigned by the memory circuit. In 
certain stations of interferences the tuning unit in general, is 


absent. 


Depending upon the width of the spectrum of interference signals 
three forms of stations of noise interferences are distinguished: 
| — stations of spot noise interferences; 
— stations of spot-barrage: noise interferences; 
— stations of barrage noise interferences. 


| For stations of spot noise interferences the width of the 
radiated spectrum of interferences is selected approximately equal 
to the passband of the linear part of the receiver of the suppressed 


| 
| radar, i.e., : 

| | a AF,» Afgy. Z 
= 


For stations of spot-barrage noise interferences — 


AF, > Afap. 
For static:..s of barrage noise interferences 
| 
a AF 5 > Afsy. 


The accuracy of the tuning of the jamming transmitter in the 
first case is determined by the passband of the receiver of suppressed 
pulse radar and should be quite high. In the second case the accuracy 
of tuning has less stringent requirements. For the tuning of the 
transmitter of barrage jammings, in practice it is necessary to know 
the range of operation of the suppressed radar. ; 
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Oscillator ot interferences (f) depending upon the range of waves, 
can be carried cut with electron tubes, magnetrons, traveling-wave 
tubes (twt) or carcinotrons (bwt). 


Oscillatiig or amplifying tubes must provid?: 

—- operation in a wide range of waves without considerable change 
in power and range efficiency; 

~— rapid reconstruction in frequency in the working range of waves 
of suppressed means; 

~ high power indices. 


The twt and bvt possegs a wide band range but have low efficiency; 
magnetrons have considerably high efficiency, and the highest 
efficiency for a variety of magnetrons is the barratron. Tnis tube 
was specially created as a powerful and broad-band noise oscillator. 
Wich considerable width of the spectrum of frequencies the power of 
é6scillatione generated by the barratron is on the order higher than 
that of the magnetron [28]. 


Modulatcr (M) includes the source of the noise voltage and 
amplifying-limiting devices. In certain cases the source of the 
noises constitutes an independent device and does not directly 
appear in the modulator unit. 


The source of noises can be a thyratron in a magnetic field or 
a noise diode of direct incandescence (saturated diode). The ra 
thyratron gives a sufficiently dense noise spectrum, but the width 
of spectrum is comparatively small (several megacycles per second). 
With help of a noise diode it is possible to obt2in a noise voltage 
with a quite wide and uniform spectrum (ten and even hundreds of 
megacycles per second), but of comparatively low intensity, which 
does not make it possible to carryout direct modulation of the trans- 
mitter. Therefore, it is required to apply broad-band high-gain 
amplifiers of primary noise voltage [27]. 


Noises are further limited for the purpose of providing high 
radiation power on lateral components of the spectrum of the jamming 
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transmitter owing to the increase in effective percentage modulation 
of the transmitter by all components of the spectrum of modulating 


noise. 


Three forms of modulation are applied: amplitude, phase and 
frequency. In most cases combined modulation, amplitude-frequency 


and amplitude-phase is observed. 


2.6. Peculiarities of the Modulation of Noise Jammers 
Amplitude Modulation 


Amplitude noise modulation (Fig. 2.15) 1s applied in magnetron 


transmitters and triode oscillators. 





Fig. 2.15: Interference high-frequency signal 

- amplitude. modulated by noises: a) modulating 
voltage; b) modulation by unlimited noises; c) 
modulation by limited noises. 
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As was shown above, the noise voltage is limited. ‘The applica- 
tion of limited'noises provides great percentage modulation of the 


noises. 


Figure 2.15b shows a high-frequency oscillation modulated in 
amplitude by practically unlimited noises. The conditions of modula- 
tion are selected so that 100% modulation was ensured by peak values 
(maximum overshoots) of the voltage of the modulating noise. As can 
be seen from the figure, the mean value of the modulation factor is 
small. The masking properties of interference, in general, are not 
worsened (quality of noise on the lateral components is great, how- 
ever, the level of the lateral spectral components proves to be con- 
siderably lower than the level of the spectral component correspond- 
ing to the carrier frequency. Therefore, the spectral density of 
interference in a considerable part of the spectrum can appear far 
from sufficient for reliable suppression of the radar. 


An increase in effectiveness of interferences is possible by 
increasing the mean value of the modulation factor. This is attained 
by the limitation of ‘noise (bilateral or unilateral). The corre- 
sponding limitation of noises permits, simultaneously with an increase 
in mean value of the modulation factor, to expand somewhat the 
effective region of the spectrum of noise interference, not allowing 
with this the appearance overmodulation.! In order to be able to 
characterize quantitatively the percentage modulation by noise, the 
concept of effective factor of amplitude modulation by noise my. is 


introduced. 


Effective modulation factor by noise means the ratio of the 
effective value of the voltage of modulating noises usp to voltage 
detérmining the level of limitation Uorp, i.e., 





lEffective region means the region of the spectrum within which 
the spectral density of the noise interference signal proves to be 
not less than the certain rated value. 
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- . Mee 
; Mog = Uerp 
where 


Use a VP, 
Pu — power of the noise. 


As an example Fig. 2.16b shows the spectrum of amplitude-modulated 
noise interference for the case of modulation bilaterally by limited 
noise voltage, which up to the limitation had a rectangular spectrum 
(Fig. 2.16a) [104]. Figure 2.16b gives spectral densities for a 
different effective modulation factor msg. The scale along the axis 
of the ordinates is selected so that the total power of the radiated 
oscillation in all cases equals unity. 


An analysis of the given dependences (Fig. 2.16b) shows that the 
limitation leads to a certain expansion of the spectrum outside the 
border +Q%. Furthermore, the resulting spectrum within the effective 
region (£'n) with limitation becomes nonuniform. Beyond the borders 
of the effective region the spectral density of the noise is con- 
siderably less than the spectral density of the main part of the 
spectrum. This fact indicates that certain expansion of the spectrun. 
obtained with limitation cannot be recognized as being useful, since 
it 1s connected with components of the spectrum having low energy. 


The considerable increase in power of lateral components owing 
to the redistribution of energy between carrying and lateral com- 
ponents of the spectrum is very important. With an increase in 
limitation (increase in Mm.) losses owing to the carrying componen‘s 
decrease, since the power of the lateral components is increased. 

The degree of the decrease in losses owing to the carrying conponents 
can be estimated with the help of the ratio of total power of lateral 
components Pg to the power of the carrying Py [104]: 
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Fig. 2.16. Spectral characteristics of 

amplitude-modulated interference signal: a) 
spectrum of modulating noise; b) spectrum of 
limited amplitude-modulated noises; c) spec- 
trum of limited direct noise interferences. 


where 6(x) — Laplace function; 
I 2 —f 
i “()"r J e dt. 


the maximum power of lateral components is reached with the limiting 
limitation (msg-0o) and it is equal to Po vaxc™ Pe. 


| 
| With the help of the given expression one can be certain that 


Thus, the limitation of modulating noises plays an important role. 
It permits increasing the power of the lateral components owing to the 


eee 
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power of the carrier component. However, the limitation involves a 


number of negative consequences, such as the irregularity of the 
spectrum, and which is the most important, the quality of the noise 
descends with limitation, since the noise in this case has char- 
acteristics different from characteristics of white Gaussian noise. 


With amplitude-modulated noise interference the width of the 
radiated spectrum twice exceeds the width of the spectrum of the 
modulating noises: — 


40, = 2407. 


Let us note that the interference, modulated by limited noises, 
is not. effective and therefore acceptable with any parameters of 
limitation. The fact is that, for example, with an increase in deptt. 
of limitation of the modulating noises (decrease in Usp) the masking 
abilities of the spot noise interference worsen due to a decrease 
in entropy of the interference signal Hn. Figure 2.17 shows the 
qualitative dependences of entropy My and average spectral density Cy 
of lateral components from the level of limitation of the modulating 
noise. With greac limitations there occurs, as is sometimes said , 
"ceiling effect" — the signal is examined against the background of 
too limited noises. | 





Fig. 2.17. Dependences of entropy 
(H,) and average spectral density 


(Gs) of the noise interference 
signal on the level of limitation. 
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If AQs<2nAfop, then in this case the limited noise on a screen 
of type A has the form of nonsynchronized trapezoidal pulses (Fig. 
2.18); . 
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Fig. 2.18. Oscillograms of the 
mixture of the signal and noise: 
a) noises are limited normally; 
b) greatly limited noises. 


If, however, AQa>2z7Afnp, then. the amplitude-modulated noise 
inverference, in passing through the receiving device, in spite of 
the amplitude limitation will be normalized [26]. At the output of 
the receiving channel of suppressed radar the masking properties of 
noise in this case are restored. So that normalization of limited 
noise will occur, it is necessary to fulfill the condition 


i 
tnor < 5° 
‘where Twp — correlation time of limited noise. 


In practice the level of limitation is selected by means of the 


compromise solution. 


Bilateral limitation is conducted for the so-called direct, noise 
(smooth) interference. In this case the limitation permits lowering 
the requirement for peak power. The spectrum obtained with limitation 
of direct noise interference considerably differs frem the spectrum 
of the amplitude-modulated noise interference signal. This distinction 
appears, first of all, in the fact that part of the energy of tke 
limited direct noise interference is distributed in vicinities of 
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harmonics of the center frequency of the initial spectrum (Fig. 2.l6c). 


Calculations show that with the limiting limitation (uon==0) the 
| , energy at harmonics 30,, Sw, 7#,... comprises, respectively, 


8 
| 8 8 At the harmonics there is 


Ont! Wat? Wares’: from the total energy. 


} lost about 19% of all the energy, but in all, including the energy 
of lateral components outside the limits of the effective region 
) 


(+'ANq), — about 31% [104]. 
| Phase Modulation 


An analysis of the phase and frequency modulation by noises is 
given by a number of works. Some of the first ones investigated 
the spectrum of oscillations modulated in phase and frequency by 
noises (B. D. Sergiyevskiy [105], L. A. Vaynstein [106]). It is 

necessary to note also investigations [26, 107-109] and others. 


High-frequency oscillation, modulated with respect to phase, 
is usually written in the following form: 


Ug =Usin |ugt + $+ 9(t)], 


| where Wo — carrier frequency; Vo —- initial phase; ¢(t) -— sta- | 
| tionary random process with zero mean value (~=0) and with dispersion 


[AvreP. 


Parameters of phase modulation can be determined with the help 

of the modulation characteristic (Fig. 2.19), which is the dependence 

of the shift in phases of high-frequency oscillations from the 

modulating voltage (current). The steepness of the linear part of 

the modulation characteristic K,; determines the effective value of 

the phase Avs, depending upon the effective value of the modulating | 


noise voltage Use: 


ee 


Adee = Kia. | 








Fig. 2.19. Modulation char- 
acteristic in the case of 
phase modulation by noise 
voltage. 


Depending upon the value Ase there can be two qualitatively 


different cases. 


1) A¥og > 1. 


In this case the width of the spectrum of oscillations modulated. 
in phase by the noise is determined by formula [30] 


AQen == 44e0s maxc y =. 


where Qawaxe ~ Maximum frequency of the modulating spectrum. 


In the particular case (Fig. 2.16), when the spectrum of modulat- 


ing noise includes zero frequency: 


0, sine — AN. 


The spectrum with small deviation of phase (effective value Atop ) 


consists of a discrete component on the carrier frequency and 
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continuous spectrum. 


The form of the spectrum is similar to the spectrum obtained with 
amplitude modulation by noises with the effective modulation factor 
Mo <1. With an increase in Ay,g the intensity of the lateral com- 
ponents of the spectrum is increased owing to the ."transfer" of 
enersy of the carrier into the sidebands. However, with an increase 
in A¥.q up to the value of the order of unity the width of the spectrum 
is not changed. With a further increase in deviation of the phase, 
the width of the spectrum is increased, and the spectral density of it 
decrezses (108, 109]. 


The width of the spectrum of oscillations, modulated in phase by 
noise (phase-modulated noise interference), is approximately equal 
to the doubled width of the spectrum of modulating noises. Ina 


particular case when 


e 


OQ, = A0’,, 


we have 

AN» = 240',. 
“Therefore, in the fulfillment of condition Ads «1, with the help of 
modulation by narrow-band noise it is possible to obtain also a 
narrow-band noise interference signal. The form of the continuous 


high-frequency spectrum is similar with this to the form of the 
spectrum of modulating voltage. 


Frequency Modulation 


As is known, the instaritaneous value of tne frequency modulated 


oscillation can be written in the form 


u(t) =Usin E +f Ae (¢) at). 


where Aw(f) — random modulating function. 








The form of the spectrum of oscillation, modulated with respect 
to frequency by noise, is completely determined by: 
— the spectrum of frequencies of the modulating function; 


-~ the effective index of modulation Mey: 


biog 


wee i awa? 


where hese == de") — effective value of deviation of trequens ies 
with noise modulation; £0, waxe — maximum value of ee hoe of the 


adit 


modulating spectrum. 2 
ee 
_iIn the analysis of frequency modulated noise interference two 
cases are of interest. ea 
; ager 


ae ive 


1. The case when the effective index of modulation is large 


Mar > 1 


The width of the spectrum of the resultant radiated interference 


signal will be equal to 
Qoan V25 m,.A0'n, 


i.e., the width of the spectrum of the interference proves to be 
larger than the width of the spectrum of modulating noise A0’,. 


The masking properties of interference with a large index of 
modulation are relatively low in virtue of the small entropy power 
of interference, which is explained by the high value deviation of 
the modulated frequency and comparatively small values of the modulat- 
ing frequency. For this reason at the output of the linear part of 
the receiver with action on its input of the frequency modulated 
interferences, the voltage can constitute a sequence of pulses, the 


amplitudes of which are approximately identical, and the repetition 


is accidental (Fig. 2.20).! On the screen of the indicator of type 


IThe phenomenon is observed which, to a certain degree, is 
similar to that cne which takes place with feed to the input of the 
amplifier of signals from the sweep generator or frequency response 


characteristic meter (IChKh). 








Fig. 2.20. Action of frequency modulated 
noise interferences on a selective receiv-= 
ing device. 


A pulses of interferences will shift, creating a disturbing back- 
ground, however, the intensity of the interference background is com- 
paratively low. The signal, as a ruie, is confidently observed on 
this background (Fig. 2.21). There appears the so-called "ceiling 
effect," which is similar to that which takes place with amplitude 
modulation by limited noise. 


Fig. 2.21. Form of the screen 
with linear scan (type A) with 
action on the radar of fre- 
cuency modulated noise inter- 


met ference with a large index of 
/ \ /\ /\ A modulation. 


The "ceiling effect" can be eliminated if the time of the fre- 
quency shift of interference within the whole range of the jamming 
transmitter has the order <l/Afg. With this excitation of the circuit 
of the receiver is produced in random moments of time and quite often 


so that the output voltage will be close to tne Gaussian noise. 
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The Jntensit; ,of fluctuations at the output of the receiver of 
the amplitude modulated signals is maximum at the equality of the 
effective value of ‘ve deviation of frequency to the passband of the 
receiver [110]. 


‘The examined case of noise frequency modulation (myy®1) is char- 
acteristic for the creation of spot-barrage jammings. 


2. The case when yw €1(m,,=0,1 + 0,5), 


The width of the spectrum of frequency modulated noise inter- 


ference is equal to 
= a? 
O, OT ioe m AQ’, vv 


Since m. <i, then radiated interference has a quite narrow 
spectrum. 

The "ceiling effect" will be absent if the spectrum of the 
modulating oscillation is selected quite wide. 


In practice characteristics of the radiated interference coincide 
with characteristics of the modulating noise, and therefore the 
masking property (quality) of the frequency modulated noise inter- 
ferences in this case is high. 


Pod 


A deficiency of such a form of interference is the small width of 
the radiated spectrum of frequencies, which requires accurate tuning 
of the jamming transmitter to the frequency of the suppressed radar. 


This form of noise modulation is characteristic for the creation 
of spot jamming with respect to the carrier frequency. 


2.7. Pulse Interferences to Radars Operating 
in Scan Conditions 


Pulse interferences, which create false blips on the radar screen, 
can provide the masking of signals reflected from real targets. 
Furthermore, the organized pulse interferences can, to a considerable 


130 


degree, disorient the enemy and to force him to disperse his forces. 


Figure 2.9d shows the screen of a panoramic radar with the 
action of pulse interferences on it. Together with marks from real 
targets there are false marks generated by active pulse interferences. 


It is possible to note three forms of pulse active interferences 
of radar operating in scan conditions: 

— multiple synchronous pulse interferences, 

—- simulating pulse interferences, 

— random pulse interferences (KhIP). 


Multiple Synchronous Pulse Interferences. 


The interference constitutes a series of radio pidset radiated 
in answer to the accepted signal of the suppressed radar (Fig. 2.22). 
Radio interference pulses must correspond in form, duration and power 
to radio pulses of reflected signals received by the suppressed 
radar. Furthermore, the repetition frequency of the pulse trains 
should be identical with the repetition frequency of the main pulses 
of the suppressed radar. Otherwise the enemy is able, by applying 
certain methods of selection, rather simply to be liberated from the 


interferring signals. 





t 


Fig. 222. Multiple recvurn 
interference. 


Figure 2.23 gives the simplest block diagram of a station of 
multiple return interferences constructed on the principle of the 
multiple relaying of radio impulses by the suppressed radar. 


LSL 





Fig. 2.23. Block diagram of a station of 
multiple return interferences. 


The signal received by antenna Ay proceeds to the frequency 
memorization circuit SZCh. Part of the power branches at the input 


of the reconnaissance receiver RP. 


From the output of the recorinaissance receiver the signal joins 
the delay circuit SZ, which provides delay of the received pulse at 
assigned time 44 (Pig. 2.24c). Modulator M forms on each of the 
proceeding signals a series (train) of pulses (Fig. 2.24d), with the 
help of which the high-frequency amplifier Y is nodulated. 


A series of radio pulses is amplified additionally in the final 
amplifier OU and is radiated through antenna A, (Fig. 2.24e, f). 





The most important link of the transmitter of synchronous pulse 
interferences is the frequency memorization circuit (SZCh) of the 
suppressed radar. This circuit memorizes the frequency of the 
received signal at the assigned time fsee (Fig. 2.24b). The output 
voltage of the SZCh, being a harmonic oscillation with the frequency 
approximately eaual to the carrier frequency of the radar, proceeds 
to the input of the amplifier Jy. 


If the pulse repetition frequency of the suppressed radar is 
constant, and the memory time of the carrier frequency in the SZCh is i 
considerably longer than the duration of the main pulse (tyauDtel. 
then it is possible to create on the radar screen false marks both 
lagging with respect to the target and leading the mark from the 

] 


target. 
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Fig. 2.24. Oscillograms of voltages at 
different points of the station of multiple 
return interfereuces: a) at the input of 
the station of interferences; b) at the 
output of the circuit of frequency memori- 

> zation; c) at the input of the modulator; 
d) at the output of the modulator; e) in- 
terference pulses delaved with resp2ct to 
‘the target; f) interference pulses leading 
the mark from the target. 


Diagrams of voltages corresponding to these cases at the output 
of jamming transmitter and a representation on tne screen of a plan 
position indicator are shown in Fig. 2.24e, f and 2.25a, b. If the 
power of the jamming transmitter is sufficient for suppression o> 
the radar on lateral lobes of the antenna radiation pattern, then the 
false marks can be observed in directions corresponding to the 
lateral lobes. 








be b) 


Fig. 2.25. Multipite return inter- 
ferences on the screen of a plan 
position indicator in the case of 
the simulation of lagging (a) and 
leading (b) targets. 


Simulation Pulse Interferences 


Interference constitutes one (or several) radio pulses radiated 
in answer to the received signal of the suppressed radar with a 
certain delay with respect to this signal. Delay time t usually 
changes in order to create on the screen of the suppressed radar an 
imitation of an actually moving target. The speed of change of 
delay dtJdt corresponds to the speed of flight of the simulated 
target; the delay time is selected comparatively long. 


With quite high power of the jamming transmitter owing to the 
influence through lateral lobes on the screen of the suppressed radar, 
several false marks are created which move at a definite speed, which 
considerably complicates the work of the operators and can lead to 
erroneous actions of responsible persons of the antiaircraft defense 


system of the enemy. 


The station of simulation interferences is constructed according . 
to the same block diagram as that of the station of multiple syn- 
chronous pulse interferences (Fig. 2.23) with the only difference 
being that th*> delay in this case changes with a definite speed. 





Random Pulse Titverfercaces (KhIP) 


Interference constitutes a sequence of radiv pulses the basic 
parameters of which (repetition frequency, duration and amplitude) are 
changed according to the random law. 


The simplest method of obtaining random pulse interferences is 
control by operation of a pulse modulator with the help of voltage 
of fluctuating noises. A block diagram of a transmitter of chaotic 
pulse interferences, constructed on the indicated principle, is 
representec in Fig. 2.26. 





Fig. 2.26. Block diagram of a 
transmitter of random pulse in- 
terferences. 


Noise voltage, produced by a source of noise ISh (thyratron, 
noise “iode), is amplified and limited in a broad-band amplifier- 
limiter U-O at the output of which there will be formed a sequence 
of pulses with a constant amplitude and random repetition interval 
and duration. These pulses start a driven trigger circuit, which 
consists of a threshold device PU and circuit of the formation of 
modulating pulses (SFMI). The modulating pulses join the jamming 
transmitter. As a resu.t radio pulses with a random duration and 
repetition interval will be formed. 


Random pulse interferences are similar in their properties to 
interferences obtained as a result of amplitude modulation cf the 
carrier by limited noise. 


If the average repetition interval of KhIP 











Top > FI 


then at the output of the suppressed receiving device there will be 
observed "blurred" pulses, and the effectiveness of the interference 
decreases for the same reason, as in the case of frequency modulated 
ChM noise interferences with a large index of modulation ("ceiling 
effect"). 


If Ten < ape then at the out; .t of the linear part of the 


suppressed receiver normalization of the process can take place. 
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ACTIVE JAMMING OF AUTOMATIC AZIMUTH TRACKING SYSTEMS WITH 
SEQUENTIAL COMPARISON OF SIGNALS 


Stl Introduction 


The automatic azimuth tracking (ASN) channel is the basic 
channel in any guidance or homing guidance circuit. with the help of 
the ASN channel data are obtained on angular target coordinates and 
their derivatives. These data are used directly in systems for the 
automatic tracking of selected targets. 


Determination of angular cvuordinates of targets by radar methods 
is reduced in practice to measurement of angle of arrival of radio 
waves reflected from the targets. Usually for this the principle of 
the equisignal zone is widely used. Also applied are methods of 
direction finding in accordance with peak signal (with linear scanning 


of antenna beam). 


At present there are two types of automacic azimuth tracking 
systems: systems with simultaneous and sequential comparison of 


signals.’ 


In ASN systems with simultaneous comparison of signals (frequently 
called monopulse systems or systems with instantaneous equisignal 
zone) determination of angular target coordinates is made in accordance 


1The ASN system is sometimes called a goniometric coordinator. 
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with results of comparison of signul parameters (amplitude, phase, 


frequency) picked up simultaneously by two spaced antennas. Informa- 
tion on angular target position in such systems, in principle, can 
be issued simultaneously with arrival of signal at receiving 
antennas, i.e., in ASN systems with simultaneous comparison Ole 
signals every received pulse carries information on target position. 


In ASN systems with sequential comparison of signals (frequently 
called conical-scanning or integral-equisignal-zone systems) reception 
of signals from target at each given moment of time is handled by 
one antenna, whose radiation pattern rocks periodically about a 
certain axis (most frequently that of the equisignal zone). The 
coordinate 1s determined on the basis of comparison of the envelope 
of accepted signals with a certain reference signal. For this reason 
in order to obtain results a certain finite amount of time is re- 
quired, at least equal to several pulse repetition periods or 
commensurable with the scanring period of the antenna. 


The ASN systems with sequential comparison of signals can be 
actively jammed both from the target aircraft (carrying a jamming 
transmitter), and from a neighboring aircraft or group of aircraft 
(remote source ov interference). Subsequently we will call inter- 
ference of the first type that created from one point and that of the 
second type interference created from two points. Such division is 
necessitated by the peculiarities of action of interference radiated 
by sources carried by and apart from the covered aircraft. 


In this chapter is studied interference created from one point. 
Such interference includes signals with different conditions of low- 
frequency amplitude modulation. Interference created from two points 
is examined in Chapter 4. The method of their consideration, and in 
many cases results obtained in Chapter 4, also can be extended to 
ASN systems with sequential comparison of signals. 


The effectiveness of organized interference in considerable 
degree is determined by the form of the direction finding 
characteristic. of the suppressed ASN system. Therefore we will briefly 
examine real direction finding characteristics by which is understood 
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the dependence of the output voltage of the phase detector on 
angular displacement of target relative to the equisignal direction. 


3.2. Direction Finding Characteristics of ASN 
Systems with Sequential 
Comparison of Signals 


A simplified block diagram of an ASN system with sequential 
comparison of signals is in Fig. 3.1. For simplicity direction 
finding ir one plane is examined. 







Reference 


ah 
<a ,/ 
“R Detector Selectiv 
amplifies 


To phase detsstor 
of elevation 
channel 





Phase 
detector 















Error signal 


Fig. 3.1. Block diagram of ASN system with 
sequential comparison of signals. 


Receiving antenna A scans in space with angular frequency Q. 
In Fig. 3.2a is depicted the radiation pattern of the scanning 
antenna. The axis of the equisignal zone is displaced with respect 
to the peak of the pattern by angle 8G: 





Fig. 3.2. Diagram of formation of error signal: 
a) cross section of radiation pattern of scanning 
antenna; b) formation of error signal. 
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If the antenna radiation pattern is symmetric, the trace of the 
point corresponding to the peak of the pattern makes a circle in the 


picture plane (Fig. 3.3). 


Ou o2 (10b) my 


£ 
(azimuth) 
Trace of peak 


of antenna ra- 
diation pattern 
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Fig. SPA Trace of peak of antenna radiation pattern 
in picture plane. 


In the presence of an error in tracking the envelope of the 
receiver input signal is a periodic curve, close to a sinusoid 
(Fig. 3.2b). The phase of the envelope is determined by angle oy: 
depending on the position of the target relative to a certain axis in 
the picture plane, while its amplitude is determined by the displace- 


ment angle 6. ‘ 


In first approximation the signal at the receiver input can be 
recorded in the form of an amplitude-modulated signal, the modulation 
factor and amplitude of which depend on the value of the tracking 


error @: 


u=U,U(){1 4-m(0)cos(Ot-+-9,)] coset, 


where Up — amplitude of signal; 


U (0) sm Seren tune 1F(@,— 6) + F(@, + 6) . 

in LEC ONL t OL 
Suene— Sune | [F(0,—S|—1F(% +8] . 

mt) ee DET ET? 
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F(6) ~- standardized antenna radiation pattern. 


Representation of signal in form (3.1) gives small error (10-15%) 
up to values of displacement angle of O@=@gg. For greater values of 
displacement angle 6 approximation of input signal by a function of 
form (3.1) gives considerable error — of the order of 50%. Formulas 
(3.1)-(3.3) are valid under the assumption of ideality of AGC. | 


Let us evaluete the influence of AGC on the direction finding 
characteristic of radar with conical scanning. 


At the output cr a receiver with regulated gain K(u,)y we have 





Uous = K (U,)UU (0) [1 + m (0) cos (Qt + 9-)] cos & pf. (3.4) 
where os — intermediate frequency. 
K(Uper) Fig. 3.4. Regulating 
characteriste of AGC. 
{ 
{ 
The receiver gain is regulated by the AGC in dependence upon 
\ intensity of input signal. Let us take the regulating characteristic 
of the AGC (i.e., dependence of receiver gain K on grid bias voltage 
u, of the controlled tubes) as linear (Figs 224) 
K = Ke— Woes : (3.5) 
where 
@ =| tg 9}. 
We will designate the amplitude of the voltage at the AGC 
detector input by U, and the transfer constant of AGC detector and 
amplifier by K,. Then in the absence of Gelay voltage 
User male. (3.6) 
141 
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Yoltage Ue under steady-state conditions is related to the 


| envelope of the signal at the receiver input Uses as 


Ue = KUce ose (3.7) 


Uc or = UL (0) =U, - F(0,—6) + F(t, +0 : 


| where 
| Solving system of equations (3.5), (3.6), and (3.7) for K, we 


obtain an expression for receiver gain 


(3.8) 







Ka Ke = 7 Ke 
THenUees T+ e(lFO~Hi+1F +00 
where 
: a= “F 
obtain 





Passing the signal through the square-law detector, we 
at the output of the selective amplifier, tuned to the scan frequency, 







te y == K*R, gl/2 , mm (0) cos (2t + 9), | (3.9) 


constant of detectcr and selective ampli- 





where K gq bamater 
fier. 






Assuming that the phase detector multiplies the input signal uey 





by the sinusoidal reference signal Uos(t)= “..cosQt with subsequent 
averaging of obtained product, finally from (3.9), taking into 

account (3.8), we find the expression for the direction finding 
characteristic of the ASN system with sequential comparison of signals 












(with square~law detection) 


= 7 8 3 a = 










x — transfer constant of phase detector. 





Analogously, if the detector is linear, we obtain 


F (0, —8))— 
cree THERE TMM, 0m 
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where 
ren HE, 


For greater amplitudes of input Signals (uy + ») the direction ° 
finding characteristics (3.10) and (3.10a) becomes idealized: 





In Figs. 3.5 and 3.6 are represented direction finding characteristics 
of the ASN system with sequential comparison of signals, plotted in 
accordance with formula (3.10) for @o/@ge 0.3 and 0.5 for different 
values of signal intensity (u = 1, 3, 10). Plotting was done for the 
case when the antenna radiation pattern is described by function 
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Fig. 3.5 Direction finding characteristics 
of ASN system with sequential comparison of 


signals for tT, 703. 


As follows from the graphs, the direction finding characteristics 
display, in general, nonlinear dependence of control voltage Ug, 


on angular error 6. Dlrection finding characteristics can be consi- 
dered linear only for small displacement angles @/6os<0,5. Direction 
finding characteristics have false equisignal directions (minor 
lobes), which becomes stronger with growth of signal intensity. 


Signal amplitude renders significant influence on the form of 
direction finding characteristics. 


An increase of parameter uw, proportional to signal amplitude, 


leads to growth of angular distance hetween peaks of characteristics, 


Let us note that the formulas obtained for direction finding 
characteristics (3.10) and (3.10a) and plotted graphs (Fig. 3.5) 
permit performing quantitative analysis of dependences only for 
angles @<¢@05. For greater displacement angles these formulas can 


give considerable error, but the qualitative picture is not distorted. 
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Fig..3.6. Direction finding characteristics 
of ASN system with sequential comparison of 


signals for qa o5, 


3.3. Selective Jamming of Scanning Frequenc 





Selective jamming of scanning frequency 1s created by way of 
reradiation of signals received from the radar to be jammed with, 
simultaneous modulation of them in amplitude, where the scanning 
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frequency of this radar is known beforehand or is determined directly 
in the jamming process. In practice such interference can be created 
only for that radar whose scanning frequency is known exactly or can 
be determined in the jamming process (radar with unguarded scanning 


frequency). 


The simplest block diagram of jamming station aimed at scanning 
frequency is shown in Fig. 3.7. 


Ay 
-—afecsirel 


Fig. 3.7. Block diagram or transmitter 
for selective jamming of scanning frequency. 
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ws Auy * Um COS (Ral -Pa) 





The received signal is strengthened ard modulated in amplitude 
by a voltage of form 


=U -+U 00s (Oat — 9's), 


” 


after which it is radiated by transmitting antenna Ao: 


Let us consider the effect on a radar with conical scanning of 
desired signal and interference aimed at the scanning frequency. 


We will assume that scanning takes place only during reception 
(guarded scanning frequency, passive or semiactive conditions of 
direction finding) and that desired and interference signals have 
identical carrier frequencies and identical phases of high-frequency 
oscillations (phases of carrier). Furthermore, it is assumed that 
interference and signal are continuous. Let us note that allowing 
for the pulse character of signal presents no difficulties and can be 
performed by way of multiplication of continuous signal by the pulse 
function of time. We wili be interested in the steady state of the 
tracking system during the influence of interference and desired 
signals. Transient conditions in this case are not examined. 
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Useful and interference signals at the antenna input, taking 
into account the assumptions made, can be represented in the following 


way: 


Ue (t)=U,e™, (3.19) 


Un (t) =U, [! + Mn C08 (Ont — %)| e, (3.12) 


Here Uc =KV Poss — amplitude of desired signal; Us=KV/Pis 


amplitude of interference signal; x — proportionality factor; mg — 
modulation factor of interference signal; Os, 9s — angular frequency 
and phase of modulating voltage. 


The scanning antenna carries out amplitude modulation of the 


‘mixture of signal and interference, as a result of which the voltage 


at the receiver input has the form: 
U, = [Wc (t) + tea (t)] [1 +- te cos (Act — g¢)], (3.2.3) 


where m. is the modulation factor caused by scanning of receiving 
antenna, the value of which is proportional to the displacement angle 
between the equisignal line and direction to target @ (in this case the 
jammer);? RQ, —- angular frequency of scanning; 2. —- initial phase, 
determined by position of target relative to a certain axis in plane 
perpendicular to equisignal line (Fig. 3.3a). 


At the receiver output (detector input) from (3.13), taking into 
account (3.12), we obtain i‘ es 


Ug w= KUe |! 4-6 + bing cos (Opt — Pu) X 


X [1 + me cos (et —oe)]e""", (an) 
where ies 
ba Ye aay Post: (3.15) 


Wnp — intermediate frequency. 


‘During the tracking of one target, not creating interference, 
the modulation factor ts close to zero (in steady-state operating 


conditions). 








If the detector is linear, at its output is separated envelope 


Uy = KK QU [(1 +6) +-(1 +5) me cos (Net — 96) + | 
+ brty Co (Ont — gn) + omg Cos (Ant —¢y)c0s(Ogt—9e)}. (3-16) 


At the output of the narrow-band selective amplifier, whose 
resonant frequency coincides with the scarning frequency, we will 
have only components of fraquency Q,, but also of frequency Qn if 
the latter differs from Q, ty a value no larger than the bandpass of 
the selecti.e amplifier AQ: 


Wo y= Kikake Ue |(1 +b) me cos(Qet — Ge) + 
+ bmg cos (Ont — 9,)|. (3.27) 


As a result of multiplication of working and reference signals 
in the phase detector and subsequent averagin:; in the filter, the 
error signal for elevation and azimuth channels respectively has the 
form: 


uy =x {(1 +- 6) me sin 9, +- big sin [(Q5— N.) t 4- ea)}, (3. 18) 


a= {(1 +5) mc C05 9 -+-bmg C08 (Mg — Oe)? oe). (3.19) 


The first terms in (3.18) and (3.19) represent the useful com- 
porent of the error signai induced by the displacement angle of the 
target (jammer) relative to the equisignal line. 


The second terms in (3.18) and (3.19) are the result of the 
action or interference. 


The effectiveness of the examined interference depends in con- 
siderable measure on the difference between modulation frequency {a 
and scanning frequency Q., 1.e., on 


40 =|0,— 0, |. 
Only two case of suppression cf ASN systems by the examined 
method are of practical interest: when 


O,=0,, (3.20) 
|Q,— A, |< AQ,,. (3.21) 
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Here AQx is the bandpass of the closed-loop ASN system. 


| In first case from (3.18) and (3.19) we obtain 


| Uy =k |(1 +- b) me sin oc + big sin eg], (3.22) 
_ Ug =x [(1 +.) me C08 $e + bitty COS Ga}. (3.23) 


| From (3.22 and (3.23) it is clear that interference of the 
examined form in its effect is equivalent to a certain fictitious 
target UW’, not coinciding in space with true target LW (Fig. 3.3a). 
In other words, the interference signal generates false information, 
simulating the appearance of a second, fictitious, target HU’, whose 
angular coordinates differ from those of true target Il. In accordance 
with the functional principle of the ASN system the equisignal line 
in this case is automatically oriented to the peak center of mass of 
sources Lt and LI’, located on a straight line connecting points Lf 
and Li’ (Fig. 3.3b). Such behavior of the ASN system can be explained 
with the help cf the direction finding characteristic of the radar 
(Fig. 3.8). 





Fig. 3.8. Position of true and fictitious 
targets on direction finding characteristic. 


Like any tracking system based on the principle of automatic 
adjustment ror deviation of controlled quantity from a certain 
assigned value the ASN system functions in such a way as to always 
ensure equality to zero of voltage at the output of the phase detector. 
Error voltage at the output of the phase detector is equal to zero 
and the state of the system is stable when the zero of the direction 
finding characteristic is located on segment LLI’ at the point of 
peak “center of mass" of true and false targets and the slope of the 
cheracteristic is positive at this point. With some other position 


1L4R 








of the zero of the direction finding cnaracteristic the equilibrium 

of the system is disturbed, which can be verified directly by shift- 
ing the zero of the direction finding characteristic to various points 
in interval UU’, and also beyond the iimits of thir interval. 


The ASN system automatically shifts the. anteugna in such a way 
that the axis of the equisignal line is on segment LL’, where phases | 
fc and @s in steady-state operation will differ evenly by 180°, 

: independently of their value at the moment the jammirg transmitter is 
switched on (Fig. 3.8). Voltages of error signal (7.22) and (3.23), 
in accordance with the above reasonings, will be equal to zero if 


Po = Pn 2- 180°, (3.24) 
(1 +6) me = bmg. (3.25) 


Conditions of equilibrium of the system during the in “luence on 
it of two signals (3.24) and (3.25) are called conditions of baisnce 


of phases and amplitudes respectively. 


From (3.25) we ootain the formula for m,! 


& ; 
Me = Mat Th (3.26) 
Formula (3.26) establishes the relationship between modulation 
factors of useful and interference signals. Graph corresponding to 
expression (3.26) are shown in Fig. 3.9. 


Mggt I 


<7 





Fig. 3.9. Dependence of modulation 
factor of signal at receiver input on 
the signal-to-noise ratio of the ASN 
system during the action of interference 
on scanning frequency. 
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As follows from formula (3.26) and Fig. 3.9, in principle, even 


with infinite power of interference it is impossible to obtain a 
modulation factor of desired signal Mm, greater than the modulation 
factor of the interference signal my. Physically this is explained 
by tne fact that in the cemposition of the spectrum of the inter- 
ference signal along with the two sideband components, carrying inter- 
ference information, is the carrier frequency, transmitting informa- 
tion on the true angular coordinates of the source of interference 


signals. 


With ccnstant value of interference modulation factor the ratio 
of carrier power to the power of sideband components of interference 
also remains constant and does not depend on the power of the jamming 
transmitter. Therefore when b >> 1 the desired signal has practically 
no effect on angular error, and the amount of angular deflection of 
the antenna of the jammed radar, and consequently the value of ms 
remain constant. The interference carrier compensates for the effect 
of its sideband components, and equilibrium is established in the 
system. 


If the desired signal were entirely absent and the ASN system 
were influenced only by the interference signal, after completion of 
transient conditions the equisignal line of the antenna would be 
deflected by a constant angle, corresponding to equality of mcdulation 
factors of useful and interference signals (m.=my). This angle will 
theoretically remain constant with increase of power of the inter- 
ference signal (dotted lines in Fig. 3.9). 





The amount of deflection of antenna is limited by the interference 
modulation factor m, and parameters of the antenna system of the 
jamm:d radar. Let us find the dependence of angle deflection on the 


shown parameters. 


By definition of the modulation factor 


Unere aa Unes 


Oe Uae Dua.” (3.27) 


“where” Uvane and Us, are maximum and minimum amplitudes of modulated 


oscillation. 
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In reference to the examined case the formula for Mm, can be 
recorded in the following way: 


— Fe —)— Fe +8) (3.28) 


me=Fi—)+hn +0) 


Function F(8) can be expanded in series in the neighborhood of 


“s+ -spoint A (Fig. 3.2). If this expansion is limited to only the first 


two members, 


oF (0 
t= Osa (3.29) 


In accordance with the definition the modulation factor is 
essentially a positive quantity; therefore 


F°(0) | o 
me=| Fea | (3.30) 
The factor ics determines the slope of the direction finding 





characteristic. 


Frequently the major lobe of an antenna radiation pattern is 
approximated by the function 


~14(£.)' 
F()=e (ea (3.31) 


where §,, is the half-power width of the radiation pattern. 
Accordingly when @=®, 
0 
F (0) =—2,8 4 F (0). (3.32) 
"08 


Substituting (3.33) in formula (3.26), we obtain the expression 
for angular deflection of sight line: 


Bi | €, (3.33) 
From (3.30), taking into account (3.32), we obtain 





The graph of dependence of 6/0,,, on b for i= 0.5 is presented 
o 


inc ip. 24-10, 


Maximum value of angular deflection of sight line corresponds to 
Ma™1 and b > &. 


on 


ae 





] 


2 > 6 a 0 »b 


Fig. 3.10. Dependence of angular error 
of target tracking on signal-to-noise 
ritio during selective jamming of 


scanning frequency (a= 0.8). 


It can be found from equation 
Crave 1 8, 2 
te STB (3.35) 
If it is considered that 6,/0,,,==0,5, then @yaxe=0,76,,,. 
Analysis of dependence of error in angular tracking on b (Fig. 
3.10) makes it possible to estimate the minimum necessary value of the 


ratio of power of interference signal to power of desired signal 
(suppression ratio hp). 


We will rot examine the second case of selective jamming of 
scanning frequency, corresponding to inequality (3.21). 


As follows from (3.18) and (3.19), in this case phase is a linear 
function of time 


¢'n (t)= (Og — Qc) t+ Fn. 


Since Og, —Q, << AQ,, and AF,=224N, has a value of the order of a 


few Hertz, this function will be slowly changing. 





The value of Qn as it is known, determines the position of the 
fictitious target. A change of qn “generates a shift of fictitious 
target (LW in Fig. 3.11), which in turn leads to displacement of 
axis of equisignal zone (0' in Fig. 3.11), inasmuch as system should 
automatically work out the condition of phase balance 


9'n = Fc + 180°, 


Covsequently, the axis of the equisignal zone, in deviating fron 
direction to target by angle 8, will revolve around this direction, 
forming the surfece of a cone. 


y 






u Fig. 3.11. Positions of true 
and fictitious targets in 


- Galth(Qq-Q)t picture plane. 


3.4. Barrage Jamming of Scanning Frequency 


Selective jamming of scanning frequency is possible only in the 
case when, with precision determired by bandpass of suppressed 
coordinator (ASN system), the scanning frequency is known. 


In practice during the suppression of radar with guarded scanning 
frequency (scanning of receiving antenna only) the value of the 
latter is unknown. ‘This makes it necessary to resort to barrage 
jamming, making counteraction in a certain range of scanning 
frequencies possible. 


We distinguish two methods of formation of scanning frequency 
barrage signals: 
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— amplitude modulation of carrier-by low-frequency noise with 
continuous or discrete spectrum, covering a certain range of possible 
scanning frequencies of ASN systems; 


—- amplitude modulation of carrier by sinusoidal voltage whose 
frequency is changed systematically in the range of possible scanning 
frequencies (sweep-through jamming). 


Interference of both forms, in principle, can be created in the 
same mav:ner as selective interference, i.e., with the help of 
several stages of amplifier-~lays, in one of which is carried out 
modulation by voltages gy or Eo: depending upon which of the two shown 
methods is used to create interference (Fig. 3.12). 





Fig. 3.12. Prinetple of creation of 
barrage jamming of scanning frequency. 


For interferences of the first form modulating voltage 6, (t) 
constitutes low-frequency noise, the spectrum of which covers the 
range of possible scanning frequencies AQ, (Fig. 3.13). Modulating 
voltage E(t) can also constitute a set of sinusoids whose frequencies 
differ by an amount equal to (or smaller than) the bandpass of the 
suppressed device .\fJ. while their number N is selected on the basis 
of the condition of coverage of the range of possibl? scanning 
frequencies ; 


(3.36) 
Fig. 3.13. Spectrum of 


envelope of scanning 
blanket barrege noise. 


Interference of the second type can be created by periodically 
changing the frequency of interference modulation (€,) in the range 
of possible scanning frequencies, for example, per sawtooth law 
(Fig. 3.14). 


Fig. 3.14. Law of change of 
frequency for the case of 
creation of scanning frequency 
barrage jamming of sweep-through 
type. 





: Blanket Barrage Jamming of Scanning Frequency 





Let us examine the influence of low-frequency noise on an ASN 
system with conical scanning. 


We will consider the modulating noise steady. This will allow 
us to represent it in the form of a combination of sinusoidal 
oscillations, the amplitude U, of which is determined by the effective 
value of noise: 


i 


N 
LO= > Uz (t) cos [O,t — 94 (t)], (3.37) 
bas} 
where U,(t) and o, (t) are slowly changing functions of time (as 
compared to cos 24%) 5 N is determined by relationship (3.36). 


It would be more correct in this case to consider that the 
modul&ting voltage actually constitutes the sum of harmonic oscilla- 
tions of identical amplitude but different frequency, where the 
difference between adjacent frequencies is equal to AQx. 


The signal, modulated in amplitude simultaneously by several 
harmonic oscillations of various frequency Qys can be represented in 
the following way: 


Uy (t) =U, [1+ y My: cos (OQ; t — 9) fe’ , 


tel 



















~.where U, — amplitude of modulated oscillation; mm — modulation 
factor provided by the i-th component of modulating noise. 


At the input of the antenna of the suppressed radar we will have 
u,, i Ug (4) + Us (t), « 
where 
. uc (t)= U-e™; 
ee ~ amplitude of signal. 
At the output of the receiver, taking into account the same 


assumptions made during the anclysis of the influence of spot jamming, 


we obtain 


tal 


X [! + te cos (Met —y)je", °. 


Usux w). =U ! +b-+55) marcos Set —va|x 


where pa Us 
eit | Ag 


At the output of the error signal filter (selective amplifier) 
will be only harmonic whose frequencies differs from the scanning 
frequency by not more than the bandpass of the filter. 


For simplicity we will consider that the spectrum of modulating 
noise has lower and upper frequencies determined by equalities: 


. Ones = 40,, P (3.38) 
Qhane == 20, — AQ, (3.39) 
This limitation is not essential, but it considerably simplifies 
analysis, allowing us to exclude from consideration the combination 1 
frequencies formed during the interaction of signal and interference 
(1.e., all components with frequencies Q. + 2, and Qo - Q, with ful- 
fillment of conditions (3.38) and (3.39) will not pass through the 
error signal filter). 
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Then at the output of the selective amplifier, taking into account 
the introduced limitation and condition (3.36), we will have voltage 


‘ 


Uc y =K, f(1 +- b) m_ cos (Det — 9c) + bias cos (Oar —9)}, 


where Ky — is a certain constant; Qg - frequency of noise component 
passed through the selective amplifier, where 


| Og: — Oe |< AO, 


At the output of the phase detector, fulfilling the function of 
multiplication of error signal by the reference voltage and averaging 
the obtained product, we have 


Ugg = Ke {(1 4-5) me COs H¢ ++ bitty: COS [(Que — Be) t — vd}. 


The tracking system tries to ensure equality to zero of voltage 
at the output of the phase detector Ue,=0. For this, as was indicated 
above, the condition of balance of amplitudes must be met 


(1--bjme big: - (3.40) 
and of phases 
n= Ge xt 180°, 
where . 
Pa = (Ons — 2e)t — 9%. (3.41) 


Expression (3.41) shows that Qa is a slowly changing function of 
time, in consequence of which the point corresponding to the position 
af the false target shifts, which leads to shift of the equisignal 
line with respect to direction to target. 


Quantities Qu and qi are random; therefore the law of shift of 
the antenna also will be random. 


The value of the traciing error will be determined by the 
mathematical expectation of modulation factor mo: From (3.40) 


Me = Mai (3.42) 
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If modulation was carried out simultaneously by N harmonic 
oscillations with constant amplitude, then with overall 100% 
_modilation and fixed transmitter power the modulation factor, referred 
to one harmonic, would be identical for all components of the modula- 
ting noise and equal to | 


Mot = Mg = (3.43) 


For modulation by low-frequency noise this consideration is 
approximate. However, the essence of the process in basic features 
1s preserved if we demand instead of equality of amplitudes equality 
of effective values of harmonies of modulating noise. 


SuneeLeaeIne (3.43) in (3.42), taking into account (3.36), we 
obtain the final rormula for m? 


I 


> 
m= & ty (3.44) 


Comparing (3.44) with (3.26), we find that the effect! vena of 
the examined berrage jamming as compared to spot jamming is = 


times lower. Physically this is explained by the decrease of oh 
effective modulation factor mg of the component which gets into the 
passband of the coordinator AQ. ‘to compensate for the decrease of 
the modulation factor by pbreasing interference power is impossible, 
since in the Cerne the interference signal there is a 

carrier, which compensates for the potion of components of the spec- 
trum carrying false information. (This was discussed more specifically 


during the analysis of selecting jamming of scanning frequency). 


Thus the effectiveness of barrage jamming of scanning frequency 
depends on the ratio noise bandwidth to the bandwidth of the 


coordinator. For example, if 60, = 100 and b + >, m= Ox ly 146.5 
ae 


the effectiveness of barrage jamming will be 10 times lower than t:he 
effectiveness of spot jamming. 


Sweep-Through Jamming 


Sweep-through jamming can be created by way of fast or slow 
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sweeping, for example, in sawtooth fashion (Fig. 3.14) of the fre- 


quency of the control generator, creating modulating voltage E5(t). 


With fast sweep 


Ta <t, 
where Th —- period of sweep; T, — time constant of tracking system 
(gorilometric coordinator). 
With slow sweep 
Ty > %, 


. Fast sweep. In Fig. 3.15 is shown a frequency-time diagram of 
ES» characterizing fast sweep of control generator. With fast sweep 
the time of influence of the perturbing force (interference modulation) 
on the suppressed coordinator Te is less than the time constant of the 
coordinator tx(t6<t;). However the repetition rate of disturbances 
is guite high, since 


Ts <a 


where Tg — period of fast sweep; AQ, — bandpass of coordinator. 





Fig. 3.15. Frequency-time diagram of 
modulating signal during creation of 

sweep-through interference with fast. 

(E5) and slow (E65) sweeps. 


Let us examine the influence of sweep-through jamming with fast 
sweep on the goniometric coordinator. For simplicity of analysis we 
will consider that the sweeping of the control generator is produced 
stepwise (Fig. 3.16), 1.e., each of the generator frequencies is 


q 
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Fig. 3.16. Approximation of 
law of frequency shift. 


formed during time 
Ata At,== At, =... = At,°as const, 


where this formation occurs periodically with the sweep period of 
the generator Tz. 


The assumption made will not change the physical principles of 
intluence of the shown interference on the coordinator, but at the 
same time will simplify quantitative analysis considerably. 


The modulating signal under the indicated assumption can be 
recorded in the following way: 


a 
Es (¢) = S$) Wn C08 (Met — vis) E (tad). 
tan} 


where Us;- — amplitude i-th modulating signal, with U,\=:Us=const; 7) 
pulse function (Fig. 3.17). 


& (te) 


f a a= ap ap ow 






t 4% jo 


Fig. 3.17. Pulse function. 
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The interference signal at the point of reception can. be 
recorded in the form 


Un(f) =U, : +m Y entor— anata | 


lal 


Here m, 1s interference modulation factor (made identical for all 
components of interference signal). 


Expanding E(t,) in Fourier series and making necessary trans- 
positions, taking into account filtration of all harmonics and com- 
bination frequencies different from the scanning frequency of the 
suppressed radar, we ohtain a formula for the modulation factor of the 


generated interference 
“8, ob 
Me = M5 TE (3.45) 


where AQ. -— equivalent bandpass of coordinator (or ASN system); AQ. — 
sweep range of interference modulator. 


The method of derivation of formula (3.45) differ in no way from 
that given earlier. Let us note only that during expansion of E(t, ) 
in Fourier series, owing to the limitations imposed, excluding the 
possibility of combination frequencies getting in the passband of the 
error signal filter only the first member of the series should be left 


oH 
@ 
This permits recording the output voltage of the phase detector 
in the following way: 


Me no Mm. (1 +b) C08 9 + bty/T ebm, C08 [(Q, — 24) t — guy}, 


Hence is obtained formula (3.45), if we equate wea to zero and 
to use the obvious proportion 


at, 62, 
ae 





Comparing formulas (3.45) and (3.44), we note that in the case 
of sweep-through interference with fast sweep the error in the tracking 
system depends to a larger degree on ratio AN/AQ, than in the case 
of creation of narrow-band blanket barrage jamming. 


Formula (3.45) is valid for slower sweep speeds, when combination 
frequencies Qi4i:—Q; can be disregarded, since they do not pass through 
the error signal filter. With sufficiently high sweep speed combina- 
tion frequencies start to play an essential role and the effectiveness 
of examined interference approaches the effectiveness of blanket 
barrage narrow-band interference. 

es 

Slow sweep. A frequency-time diagram of BD for the case of slow 
sweep in shown in Fig. 3.15. For slow sweep the rate of frequency 
shift of modulating generator is selected on the basis of condition 


Tu >d tq. 


Fulfillment of this condition ensures that time of influence of 
interference on the ASN system is sufficient to permit the antenna 
of the suppressed radar to deviate by the highest possible value, 
determined by formula (3.34). As a result the system will be acted 
upon by periodic disturbances. The approximate form of dependence 
of angular tracking error of covered target on time is represented in 
Fig. 3.18. 





Fig. 3.18. Action of creeping inter- 
ference on an ASN system. 
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Appraisal of the effectiveness of interferences on scanning fre- 
quency in accordance with the operational-tactical criterion can be 


performed by two methods: 


— by way of simulation of the dynamics of guidance, interference 
taking into account. This method is expedient in those cases when 
interference signals exert direct influence on the aerodynamic control 





elements of rocket; 


— by way of counting of misses by the formulas given in Chapter 
1. This method is expedient in those cases when during the influence 
of interference the electronic meter (direction findth)*ts diceannected. 
from the system of aerodynamic control and” guidance is carried out on 
the basis of information coming from autonomous meters. ; 


If during the time of action of interference the aircraft creating 
the interference makes a change in speed, the resultant miss a is 


equal to 
Qn by — dy 


where 

A,=—- jsin gt! ; 

p= —7 /singt, ; 
q — angle of attack; j — acceleration during change of speed; Ao ~ 
selected miss. 


3.5. Method of Formation of Jamming Signals PY Means 
of Balanced Modulation 


The basic deficiency of the selective and barrage scanning 
frequency Jamming examined in preceding paragraphs is the compensating 
action of the interference carrier signal. 


For this reason the maximum accessible value of modulation 
factor of the desired signal m, for arbitrarily great values of bv 
cannot exceed the modulation factor m, of the interference signal. 


Naturally, the question arises of the possibility of increasing 
the effectiveness of scanning frequency Jamming by way of carrier 
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Suppression. Such can be realized practically by means of balanced 
amplitude modulation by the scanning frequency, resulting in suppression 
of the carrier of the amplitude-modulated signal. For pure balanced 
modulation the a-m signal is recorded in the form 





tn (f) =U, cos 2, tel, 


The application of pure balanced modulation, as will be shown 
below, does not lead,:-in general to absolute increase of the modula- 
tion factor mM, for all values of b. The biggest values of m, 
correspond to a Fore ueey Bees FENEP of values of Ds close Pe Un tas 

Best results are obtained with combined modulation, combining 
carrier suppression with amplitude modulation at the scanning fre- 
quency of sideband conponents of the spectrum of the interference 


| 
7 
| 


signal. | 
| 


Let us determine the value of modulation factor m, during the 
influence on the tracking system of desired signal 


te (1) = Uae! “90 
and interference signal formed by way of combined modulation 


ta (0) = Ue {! + mz cos (Gat — 9n;)] c08 (Oat — 9,,)0/ 90) 


Subsequently we will assume %.=9,=0, Which in first approximation 
is permissible in view of the comparative brief time of coherence of 
useful and interference signals. Furthermore, it is considered that 


Gai = Gat Ga. 


After passing through the scanning antenna the signal at the 
receiver input can be recorded in the following way: 


tos we KU. {1 + b[1 + ma cos (Qat — 9,)} 008 (Ost — gn)) X | 
X [1 + me cos (Qt — ee, 


where «x, 1s a constant. 
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For the purpose of certain simplification of catculations we will 
consider the second detector to be of square-law type, which in this 
case is nov essential fvom the stant point of final results. 


Taking into account what has been said, we record the signal at 
the input of the selective amplifier (error signal filter) as: 


Ue y mhy/2 {1 + bt + ma cos (2, — 9s)] cos (at — 90)}*X 
X {1 — m. cos (Qt — 9,)]*. 


where wn is a constant. 


To the input of the phase cetector, following the selective 
amplifier will pass members containing the first harmonic of the 
scanning frequency Q . Therefore (when Q s=Q) 


teancedt[—m (24H) mah Tt 
ae : ] 
+ nt smn mS nine 2, (3.46) 
where x, is a constant. 


The voltage at the output of the phase detector is obtained after 
multiplication of input signal 4easr by reference voltage Ues=cosQ.t 
and filtration of all harmonics but the constant component. This 
voltage in steady state is held close to zero. Making use of this cir- 
cumstarce, are obtain and equation for determination of m,? 


Ame — Bite +-C = 0, (3.47) 
where 3 . 
Aapot pad’. 
Bm 24-5 0+ 3mb 4-7 md; 


ny 


Cm % +75 Ma 


Results of solution of equation (3.47) are shown in Fig. 3.19 in 
the form of a family of curves i= m,(b)s where m, is the parameter 
of the family. Curve 1 corresponds to case mge@ i.e., pure balanced 
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modulation. 


The family of functions m,(b) for the case of combined modulation 
is represented in Fig. 3.19 by curves 2, 3, 4, and 5, plotted 
respectively for values of modulation factor mp, = 0.2, 0.4, 0.8, and 1. 
The broken lines on these curves show the ranges of values of b within 
the limits of which, owing to the adopted assumptions, equaltion (3.47) 
has complex roots. These circumstances are caused by overshoot of 
eurves beyond the level m, = al 


For comparison in Fig. 3.19 there also is plotted a family of 
functions nm. = m,(b) (curves 6, 7, 8, and 9), calculated by formula 
(3.26) for earlier shown values of modulation factor m (0.2, 0.4, 
0.8, andl). 
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Fig. 3.19. Dependence of modulation 
factor of signal at ASN receiver input 
on signal-to-noise ratio during the 
action of spot jamming with balanced 
modulation. 


In order to create the barrage jamming signal, it is necessary 
either sequentially or simultaneously to carry out balanced modulation 
by means of a certain conbination of frequencies of assigned range. 


In the case of sequential realization of pure balanced modulation 
the signal at the output of the scanning antenna of the suppressed 
radar will be recorded in the following way: 








N 
nme Kl, ft + Py cos (Q,f + rude(t| (1 + m. ene (Q.¢ — 9.)j e/, 


where §(t#) is pulse function: 


tua f for tiG te tetdh, 
Ofor OS teh nh +b tet +7 — bh, 


t 
un Afy. 
kewl 


Pulse function %(%) can be expanded in Fourier series in harmonics of 
frequency Q=2n/T: 


@ 
€ (te) = $t+y — (jam eos It + 
ai 


+ [+ (1 — cos =)] sin wat\. 


We will make a series of assumptions with respect to the spectrum of 
modulating oscillations. Let us, as earlier, consider 





£2, €2 <Q. 
1Q2t4n—- Oy | = O2,, 
where AQ, 1s width of spectrum covered by sequence of modulating 
frequencies Q, (i=lf, 2, 3, ...): 


49, =|2,—2, |. 


Thus it is assumed that the passband of the selective amplifier 
simultaneously includes one signal of frequency 2, 


The assumptions made do not change the fundamental essence of the 
question, but in significant measure simplify the process of calcula- 
tions, owing to the possibility of exclusion from consideration of a 
large number of combination frequencies (Q:+2;)£(k+m)Q (i=l, 2, 3, ... MN; 


j=l, 2 3,...N; mol, 2,3,..5 kel, 2, 3,...). 
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Then at the output of the selective amplifier, taking into 


account the above assumptions, we have 
Ue ars =n? {2m-A cos (2.¢ — te) + 


ee (: +7 exe at— 9d + 
(3.48) 


1 
+ = bm ; a cos {(22- — 2) t — (2¢ — Pal + 


l : : Sees 
top imt (L)" con ca, —2.)¢— rs — 9 


1-195 (PY eB e(- mH) 


Hi¢qge tt. ‘ 


Sst. 


With QseQs, @-mgetn, Anae voltage UWenen determined by formula (3.48), / 
naturally coincides.with voltage weae. determined by formula (3.46), 
if in the latter we assume m,= (balanced modulation). 


Equating the voltage at the output of the phase detector to zero, 
we obtain the following fundamental 


under condition QQ, and @e=qatn, 
equation for determination of m, in steady-state operating conditions 


with successive emission of barrage jamming signals 
A ae 
3A at ali to (4 i +4 Ft) mt ett oe 


Hence is found the optimum value of b, for which m, is maximum 


\ 
! 


ber iNT i’ 


} and accordingly, 
(3.49) 


Mie =F (VN FT — V3). 


~<a. 


Va tew Ee. 
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In general successive emission of interference signals 


3 (FY) -/ FR} 0 


If the interference signal is formed by way of simultaneous 
radiatiun of all modulating frequencies from range &% to Qy, the input 
of the selective amplifier, after obvious conversions in the receiver, 
will be fed voltage (with pure balanced modulation) 


ue ym ait Hy coe (Bat +94)" [1 + me ccs (Oat — aif 


Considering the assumptions made earlier about the structure of 
the spectrum of the modulating function (Qu4:—@s= 6Qs, ARO EN) valid, 
we arrive finally at the following to equation for al for simultaneous 
radiation of barrage jamming signals? 


3 " 4 
“bn —2 [147 ae + tyme +20) = 0, 


Accordingly 
be.r= yori. 


The formula for mo is obtained just as in the case of succes.ive 
emission of interference signals (3.49). 


In the general case of simultanecus rz diation -f interference 


signals 
nmi {[aeaeav +n] y/[F ++ av+nf'—al- (3.51) 


Results of valeulations by formulas (3.50) and (3051) are shown 
in Fig. 3.20 in the form of a family of curves for a (b). The parame- 
ter of the family is 


_ T ad 
‘= 45 >i 


1Tt is consicered that Qe9%. i.e., a stable equilibrium of system 
is possible, with which ¢@emqsxI8’. 
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fe 
a family of curves of m ,(b) (curves 3 and 6) for amplitude ‘modulation 


i 
(N = 10 on curves 1 and 2; N= 4 on curves 4 and 5). Here 18 given 
of radiated signal by narrow-band noise, calculated by fofmuia (3.45). 











/ 
/ 
mr / 
Oe 
0,2 
td 
: é a 4 § 6 | rf 
signal at input of ASN receiver on signal-to- 
noise ratio during the action of barrag) jamming 
with balanced modulation. j 
i 
Accordingly, parameter (m=1/VN was selected equal to 1/2 curve 
6) and 1/W10 .(curve 3). 


Curves 1, 4 and 2, 5 determine m,(b) respectively for simultaneous 
and successive emission of balanced-modulated interference signals. 


Of interest is comparative appraisal of the limiting possibilities 
of increasing mM, by means of barrage jamming signals with balanced 


and amplitude modulations by narrow-band noise for any values of N. 


Fig. 3.20. Dependence of modulation factor of 
Let us introduce -aesignation 


a 


| where mio and wt? are determined by formulas (3.49) and (3.44); in the 
last formula it is necessary to set b = ™, 


Then with the help of (3.49) and (3.44) we find 


: oe 
1= 5 VN (VNFT— y 2, 
If N >> 1, then 
A 
wT 
| 
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Thus amplitude modulation by narrow-band noise provides approxi- 
mately W2 times larger values of errors in angular tracking than 
balanced modulation in the barrage variant for the same value of N, 
but maximum value of error in the case of balanced modulation is 
provided by smaller values of h. 


3.6. Intermittent Jamming 


Intermittent jamming signals consists of a periodic sequence of 
high-power radio pulses of defined duration and frequency, radiated 
by a jamming transmitter aboard the covered aircraft (Fig. 3.21). The 
action of intermittent interference on radar with scanning antenna 
is based on the use of the transient conditions existing in a amplifier 
with adjustable gain during influence on it of pulse signals. 
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Fig. 3.21. Intermittent jamming. 


In Fig. 3.22 is presented the diagram of the i-f amplifier of the 
receiver of a radar with scanning entenna. The gain of the i-f 
amplifier is regulated by an AGC system. If the amplitude of.the 
signal at the output of the 1-f amplifier does not exceed the value 
of delay voltage E3; the AGC system is open-circuited and the gain 
of the receiver does not change. The AGC system regulates gain when 
the amplitude of the output voltage exceeds that of the delay voltage. 


K(Uger) 














% Fig. 3.22. Block 
diagram of receiver 


with AGC system. 


“a Selective 


Mey) Phase 
amplifier 


detector 








In normal state the AGC system tries to keep the output amplitude 
constant. However, its time constant 1s so selected as to exclude the 
possibility of amplitude demodulation of the signal, which inevitably 
would lead to considerable loss of information in the precess of. 
signal conversion in the receiver. The undistorted amp litude~modulated 
signal, whose modulation percentage is proporticnal to angular, error, 
is depicted in Fig. 3.23a. ; 
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Fig. 3.23. Action of intermittent interference on 
ASN system with sequential comparison of signals: 

a) signal at receiver input in the absence of inter- 
ference; b) signal and interference at receiver input; 
c) AGC control voltage; d) voltage at receiver output; 
e) signal at output of selective amplifier; f) control 
voltage (at output of phase detector). 
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During the influence of intermittent interferonce the voltage j 
at the i-f input will have the form depicted in Fig. 3.23b. The 
envelope of the input signal Up is changed abruptly, but the gain 
is unable to change abruptly: it is changed in accordance with change 
of control voltage Une, On the grids of the i-f tubes (Fig. 3.23c). 
Since the gain of the i-f amplifier at tne time of arrival] of a high- 
power rioise pulse (t= 0) was determined by the comparatively small 
amplitude of the desired signal and was maximum, the noise at certain 
time t, excezds the level of limitation Upp and amplitude modulation 
of the interference signal, caused by scanning of the receiving 
antenna, wil] be cutt off (Fig. 3.23d). The contro] signal at the 
output of the selective amplifier uey and phase detector Me, is absent, 
and the ASN system will be open-circuited for time ty (Fig. 3.23e, f). 
The value of time ty is determined by the duration of transient con- 
ditions in the AGC system, i.e., the time during which control voltage { 
Une » and consequently the i-f gain, decrease to suck. values that the 
noise exceeds the leve°?.of limitation and the ASN system is reactivated. | 


After termiration of the noise pulse the gain of the receiver will 
be minimum, so that during a certain interval of time to the weak | 
desired signal will not pass through the veceiver. The ASN system 
will again be open-circuited for time toe This time is determined by 
the duration of rise of i-f gain (increase of User) to a level ensuring 
reliable reception of desired signal (Fig. 2.298). 


Tnus in one cycle during the influence of intermittent inter- 
ference the ASN system will be open-circuited twice: 


— the first time for time tis és a result of cut off of useful 
amplitude modulation of interference signal in the overloaded receiver; 


— the second time for time tos owing to the absence cf reception 
of the weak signal by the receiver with low gain. 


The values of time intervals ty and tos during which the ASN 
system is inactive, depend both on the parameters of the AGC system 
and on characteristics of the interference. In first approximation 
they can be determined fry the following formulas [35]: 
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where Tg, — time constant of AGC feedback filter; Ke, au — parameters of 
AGC system (see 3.2); Us. — mean value of noise envelope at i-f input; 
Uorp — level of limitation of receiv:: E, - AGC delay voltage. 


Under ordinary conditions, without intermittent interference, to { 
a given valuc of angular error 6 corresponds a defined value of con- 
trol signal a (vig. 3.23f). The influence of interference leaJjs to 
decrease of control voltage to a level determined by the mean value 
of error pulse veltage Usy (value of angular displacement 6 in both 
cases is assumed identical). This is equivalent to decrease of the 
transfer function of the ASN system, which in first approxi:;nation can 
be determined by the formula 


Tye Ot, (3.52) 


where Sey — transfer function of the ASN system in the absence of | 
intermittent interference; Q — off-duty factor of entry of information. | 


From Fig. 3.23f 


Q rT 
“Tr—UFhy’ 


therefore expression (3.52) car. be rewritten in the form 


In Fig. 3.24 is depicted qualitative dependence of transfer 
function of the ASN system on the ratio of noise pulse duration to the 
time constant of the filter fT, for constant values of ,ulse repetition 
period T and amplitude of interfer2nce Us. For certain optimum values 
of tese and fest the transfer function of the ASN system becomes 


minimum. 
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Fig. 3.24. Influence of parameters 
ef intermittent interference on 
transfer function of direction find- 
ing device of the ASN system. 


Decrease or increase of pulse duration t end period T with 
respect to vzlues of tess and Test leads to decrease of effectiveness of 
interference. 


In first case this is due to the fact that the AGC system is | 
unable to respond to every noise pulse and set the gain of the 
receiver in accordance with the mean value of intensity of interference 
and sigral, so that cutoff of amplitude modulation and suppression of 
desired signals will be absent. 


In the second case the AGC system, conversel:, is able to work 
in accordance with useful and interference signals. Intervals of time 
of inactive state of the ASN system will decrease and periods of 
active state increased, which leads in the end to lowering of 
effectiveness of the examined influence of interference. 


Decrease of the transfer function of the ASN system under the 
influence of intermittent interference leads to growth of dynamic 
target tracking error. For a linearly increasing input signal form 
Oss=*f, where v is rate of change of input angle, the dynamic target 
tracking of error system with astaticism of first order is cnanged 
in inverse proportion to Rksy i.e., 
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Intermittent interference may even cause loss cf stability in * 
certain class of ASN systems with so-called "leak-shaped" amplitude- 
phase characteristic. For such systems loss of stabilits can occur 
both with increase and decrease of transfer function Key . 
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Fig. 3.25. Logarithmic characteristics 
of ASN system. | 


In Fig. 3.25 are given amplitude L{W(w)} and phase e(@) logarithmic 
characteristics of a hypothetical ASN system [36]. The examined system 
will become unstable if during the influence of intermittent inter- 
ference tne transfer function Key decreases by Liw—20 dB. Knowing the 
critical value ‘of transfer function gey, at which loss of stability 
occurs, it is possible from Fig. 3.24 to determine the stability cf 
system in accordance with parameter Key on plane with parameters 
"duration t-repetition period T" of noise pulses. 
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CHAPTER 4 
ACTIVE JAMMING OF AULOMATIC TRACKING SYSTEMS ~ 
WITH SIMULTANEOUS COMPARISON OF SIGNALS 


4,1. Introduction 


Tre ASN system with simultaneous comparison of signals (monopulse 
systems) have recently found wide use. They have higher noise immunity 
with respect to astive jamming created from one point. 


Owing to the principle of monopulse direction finding interference 
from one point can effectively exert influence only on imperfect sys- 
tems, for example ASN systems with nonidentical amplitude or phase 
characteristics [35, 38, 41, 42]. Since the influence of interference 
from one point on monopulse radar has been studied in sufficient detail, 
and this type of jamming is little effective, we will not stop on its 
analysis. 


Below is examined interference, created by a remote source (inter- 
ference from two and more points in space). In the simplest case 
interference of such kind can constitute a pair spatially separated 
reflecting objects. In the presence in the field of vision of a radar 


of several sources of interference “multipoint" interference is realized. 


Determining value during the analysis of irfluence of "two-point" 
yvamming is taken on by phase relationships of signals reaching tiie input 
of the radar. Therefore we will subsequently separate interference 


Signals into anne e rene and coherent types. The first are characterized 
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by absence of any definite relationship between phases of high-frequency 
oscillations of both interference signals, reaching the input of the 
system, whereas the difference of phases of high-frequency oscillations 
correspcnding to coherent interference signals remains constant for 

a reiatively long time. 


4,2, Direction Finding Characteristics of ASN Systems 
With Simultaneous Comparison of Signals 


At present there are quite a few different ASN systems with 
simullaneous comparison orf signals. Most widely used is the system 
with sum-difference treatment of signal. We will explain the principle 
of construction of such systems briefly and examine their direction 
finding characteristics. 


In Fig. 4.1 is presented a functional diagram of the direction 
finder of an ASN system of mixed (amplitude-phase) .iype. From the 
given circuit phase and amplitude direction finders can be obtained 
as individual cases. For example, when 9% =z © and Yo = #/2 we have 
a pure phase ASN system. 
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Fig. 4.1. Functional diagram of a monopulse 
type with sum-difference treatment of signal 
(amplitude-phase type). 


Slgnals received from target Ll by antennas Ay and A, are fed to 
the circuit forming the sum (ue) and difference (Up) of voltages. 
With angular displacement of target from the equisignal direction by 
angle @ these voltages are equal respectively to ) 


A SET CSAS ER STING ce oie CGO RENEE IE EL JIO ea es a WEES OE Te Cee me dee bre ty eee a |. 
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Ue =U, + ua, =U |F (9, —9)cos (ut +-¢)-+ 


+ F(t, -+0)co# (ut — 9), P (4,2) 
Up =U, — Ug =U LF (0. - 0) ces (mi -+- 9) — 
— F (6, +-0)cce (wt — y)}. (4.2) 


Here U — amplitude cf signal at input of antenna system (A, and 
An); 


fr. 


r(@) - standardized radiation pattern of antenna (?, or Ay); 
8 
relative to the equisignal direction; 


—- angular displacement cf peaks of antenna radiation pattern 


w - Signal rrequency; 
¢ = kd sin @ — phase shift. in antennas Ay and Ay caused by dis- 
placement of target by angle 6 relative to the i le direction; 
k = 21/A ~ wave coefficient; 
2d — distance between phase centers of antennas Ay and Ay. 
, At the i-f of the sum and difference channeis we obtain 


Ue sux = KU [F (0, — 6) cos (esp +- 


+9) +F (0,-+0) 0s (conpt —9)], (4,3) 
Up sua KW |F (0, —-6) cos (og, 4 +9 — $e) — 
— F (0, +0) cos (oupt — 9 — #’,)}, (4.4) 
where K, and K_ -- gains of sum and difference channels respectively; 


Way — intermediate frequency; 

v5 = Vo + %. - % —- phase shift, consisting of phase shift in 
phase inverter of difference channel (Yo) and in i-f's of sum (o,) 
and difference (o,) channels. 


Subsequentl: it is consider d tha. sum ind difference channels 


‘are completely identical ($, = o,)3 therefore 


K.=K,»=K, (4.5) 
v=. 


In steady-state operating conditions the gain of the i-f of the 








sum channel, in accordance with formula (3.8), can be recorded 1n the 
form 


K = (4.6) 


+ exU, os’ 
where 


Us ax =U [F*(0, —0) + F*(0,-+0)+ 
) 
+ 2F (0, — 0) F (0, +.) cos 29] (4.7) 


or taking into account (4.5) 


K=Kk,.=K,= 


or 
1 +m [FF (0 — 0) + FF (0,40)-42F (6.—0) F (0,40) c08 2p)? 


(4.8) 


where yu # ak .U - is equivalent transfer function of gain of the AGC 
system. 


For amplitude type direction finding in formulas (4.3) and (4.4) 
one should set ¢ = 0 or d # 0 (radiation patterns of antennas Ay and 
Ay are combined) and y' = 0; with phase type direction finding 85 = 0 
(radiation patterns of antennas Ay and Ay are spaced, with directions 
of their peaks are parallel) and vo * 1/2. 


Assuming that the phase detector executes the operation of multi- 
plication and averaging of input signals, we find, taking into account 
relationships (4.3) and (4.4), the voltage at the output of the di- 
rection finder! 


“Ug nen lctip= ge KeK\U*X 


X{IF*(0, — 0) — F*(0, +] c08 to-+ 
+- 2F (0, — 6) F (6, -+- 0) sin 2g sin },}, (4.9). 


1Lret us remember that the averaging operation in the given case 
physically means filtration by the filter of the phase detector of 
high-frequency components of signal Wea. 
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where k' — is a constant. 


Relationships (4.8) and (4.9) give expressions for direction 
finding characteristics. 


Amplitude Direction Finding 


- Considering in (4.9) @ = O0(d = 0), Vo = 0 and substituting instead 
of K its expression (4.8), we obtain a formula for the direction find- 
ing characteristic of the amplitude ASN system 


(Wen), =hon (4.10) 





where 


Phase Direction Finding 


In the case of the phase ASN system in relationship (4.9) it is 
necessary to set 8 = 0 and Yo = 1/2. Then, taking into account 
equality (4.8), we obtain 


~ 


(Ue rlo=Kex [ tetas ; (4.11) 


For convenience of comparison of direction finding characteristics 
with phase and amplitude direction finding we will consider that maximum 
dimensions of antenna system in both cases is identical and equal to 
D. Furthermore, we will assume that the phase centers of antennas 
(i.e., their radiators) are spaced by an amount 2c = D/2, and the 
dlameter of each reflector (for example, parabolic) is equal to D/2 
(Fig. 4.2). 


Under these conditions formula (4.11) is converted to form 


(ue Jo = Kone, (4.12) 


[1+ 2mF nen] 
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| where 


&£= a sin Oa sin. 
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Fig. 4.2 Antenna ar- 
rangements of monopulse 
ASN systems of phase and 
: amplitude types. 


In Figs. 4.3 and 4.4 are presented direction finding characteris- 
tics of amplitude and phase ASM systems in the form of family 


Ug x= Uo 2 (8, p) *. 
Characteristics were plotted in accordance with formulas (4.10) 


and (4.12) for different values of parameter uw (vy = 1, 3, 10), pro- 
portional to intensity of Input signal U. The antenna radiation pattern 


was approximated during the plotting by function 


al 
al Whe sin zs 
F)=—p3— => (4.13) 
ye 


Por simplicity we take me,=i; impo is half-power width of 
antenna radiation pattern. 





where D' = D in the case of amplitude direction finding; 
D' = 2d in the case of phase direction finding (Fig. 4.2). 


The direction finding characteristic of the amplitude ASN system 
was plotted for a value of angular displacement of peaks of entenna 
radiation pattern vf 85 = 86 5/3: For other values of 8 chaiacter- 
istics have analogcus form. 


Analysis of graphs (Figs. 4.3 and 4.4) and expressions (4.10) 
and (4.12) shows that direction finding characteristics in considerable 
degree depend on amplitude of received signal U (yu ® ak.U). 


Amplitude 
Pingtne” 





Fig. 4.3. Direction finding characteristics ig ee 
of amplitude ASN systems with simultaneous 
comparison of signals and sum-difference 
treatment. ; 


For large amplitudes of input signals (u + ©) the direction 
finding characteristics become idealized (dott cd lines), and formulas 
for them are found in work [42]: 


(Ho )a= Mon RSET DS 
(9 no =o 08 (sind). 
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Fig. 4.4. Direction finding characteristics 

of phase type ASN systems with simultaneous 


comparison of signals and sum-difference 
treatment. 








Direction finding characteristics are linear only for small 
angles 6. All direction finding characteristics have false enuisignal 
directions (slide lobes). In connection with this, depending upon 
the value of angle 8, it is possible to split the direction finding 
characteristics into several zones of stable target tracking.! Zone 
I (Fig. 4.4) we will call the main zone (and its lobes, major lobes) 
of tne direction finding characteristic, while zones II and III are 
false zones (minor side lobes). 

5 in any of the zones of stable tracking a sufficiently powerful 
source of electromagnetic waves appears, the ASN system tracks it in 
accordance with equisignal direction, corresponding either to the major 
lobe of the direction finding characteristic (zone 1, point 0) or 
its minor lobes (points Oo, 03 zones II. III). In the last case the 
guidance system (homing guidance) will be fed considerable errors on 
target vosition data. 


Zones of stable tracking are determined by the presence in them 
points of stable equilibrium. In this case these points are 01; 055 


O35 ... (transfer function of system at these points is positive). 
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As can be seen from the figure, the width cf the major lote of 
the direction finding characteristic with respect to nulls D6) does 
not depend on signal power and is determined only by the radiation 
pattern of the antenna of the direction finder and the value of angle 


85: Signal power renders considerable int'luence on distance between 


peaks of the direction finding characteristic and its slope. A graphic 
representation of this is given in Fig. 4.5, where along the axis of 
ordinates is plotted the ratio of distance between peaks A@wane to the 
half-power width of the radiation pattern 80.5) taken during calcula- 
tions equal to \/D. Solid lines correspond to amplitude direction 


finding, dotted to phase. 
- 
wie rane Pn i ion 
Fig. 4.5. Dependence of etre distance pees 


peaks of main zone of direction tinding character- 
istic on signal intensity. 





Dependence of slope of direction finding characteristic on 
Signal intensity is shown in Fig. 4.6. 


mr [ 





Fig. 4.6. Dependence of slope of 
direction finding characteristic 
on signal intensity. 
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Let us note that the direction finding characteristics of amplitude 
ASN systems with simultaneous and sequential comparison of signals are 
described by different formulas, (3.10) and (4.10). This is connected 
with the fact that formation of the direction finding characteristic 
of amplitude ASN systems with simultaneous comparison is influenced 
by both amplitude and phase characteristics of antenna, whereas for 
ASN systems with sequentigl comparison the phase characteristic of 
the antenna does not influence the direction finding chaiacteristic. 
In the last case phase distinctions in signals picked up by oppositely 
phased lobes of the radiation pattern of the scanning antenna are lost, 
since comparison of signals is made after their detection. 


4,3. Unmodulated Incoherent Interference 
Created from ™wo Points 


By unmodulated incoherent interference is understood signals 
created by two interference sources Y, and Ul. spaced and not connected 
with respect to phase of radiated signals. It will be shown below 
that the antenna of the suppressed ASN system tracks a certain ficti- 
tious point 0, located on segment i: U5 (Fig. 4.7). Point 0 frequently 
is called the center of mass of the paired sources. With identical 


power of sources U, and U\, the antenna of the ASN system tracks their 


geometric center. 





Fig. 4.7. Guidance of a guided missile 
to a paired target. 


We will examine the influence of two signals arriving from diff- 
erent directions or the amplitude ASN system with simultaneous compar- 


ison of signals. 
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Let us designate angles between the equisignil direction-of the 
suppressed system and first source of signals Uy by 87 the second 


source |, by ®,, and the angular distance-between them by 40 (Figs. 
4,1 and 4.8). 





Fig. 4.8. Radiation patterns of antennas 
of ASN system. 


The signals at the outputs of antennas A, and Ay respectively 
will record in the form 


u,=U,F (0, —0,) cos «,t +-U,F (8, — 6,) cos ~,f, (4.14) 
u,==U,F (6, + 0,) cos o,¢ +-U,F (6, + 0,)cos @,f, (4.15) 


where Uy and W) — amplitude and frequency of signal from first source Lj; 


Us and W5 — amplitude and frequency of signal from second source 


Ls. 


At the input of the sum, channel we obtain 


ue =U, [F(® —9,)+ F(6,+8,)] cos #,¢ +- 
"LU, JF (0, — 9s) -+F (0+ 0,)] coset, 


At the input of the difference channel 


Up =U, [F@—@,)—F (+ 0,)| coset +- i 
+U, [F (0, —6,) — F (0,+-6,)| cos e,t. 


lif 








After conversion and amplification of signals in the l-f amplifier, 
voltages at the output of sum and difference channels are equal to 


Ue ous= Ke {U, [F (6, —0,)+- F (0, + 0,)] cos og,,¢ +- ‘ 
+U, [F (0, —0,)+ F(0,+0,)] cosepint}. (4,16) 


Up sua = Kol{U, [F (8, — 6,)— F (0+ 0,)] C08 agp st +- 
FU, [F (0, —0,) — F (0, +-0,)] C08 ean sf}, (4.17) 


where K, and Ky ~- gains of sum and difference channels; gp, Wap — 
intermediate frequencies of first and second signals. 


At the output of the phase detector, which carries out the opera- 


tion of multiplication and averaging of signals Uegus and Upsus we 


have 


Ug a= K'Uc rex Up rams (4,18) 
where K' — is a constant. 


Further, with the help of (4.16) and (4.17) we obtain 


Ug y= X'KeKy (Ui |F* (0, —8,) — F2 (0 +6] +: 
+-U; [FF (0,— 0.) — F*(0 +4,)i}. (4.19) 


We will select as the start of reading of angles the direction 
to the first source Ll, (Fig. 4.8); then 


6,=6, 6, ==6 — A0, 


Designating 


pm at (4,20) 








and taking into eccount (4.5), we obtain 


Won Koa PYF, —0— FLO] + 
+[F*(0, — 0-+ A0)—F*(, 4-9 —- Ap}, (4,21) 
Kon x'K'US , 


where 


Expression (4.21) determines the generalized direction finding 
characteristic, which constitutes dependence of voltage at output 
of phase detector on angular displacement of antenna 6 to the first 
source Ly? In practice the general’zed direction finding character- 
istic can be obtained if simultanecusly with turn of the antenna of 
the inactive ASN system we record the voltage at the output of its 
phase detector while reading angular displacement of antenna (equisig- 
nal direction) from direction to first target Lh. 


A family of generalized static characteristics Upa™4er(9), plotted 
for different angular distances (6 = const between scurces, most fully 
characterizes the behavior of the ASN system under the simultaneous 
tufluence of two incoherent signals. With the help of this family 
it is convenient to determine the position of points of stable equili- 
brium of the system for different angular distances between sources 


and relationships between powers 6. 


In Fig. 4.9 is given a family of generalized static characteris~ 
tics, plotted in accordance with tormula (4.21) under the assumption 
that Kea™! and B=1 (powers of sources Ll; and We are identical). In 
plotting the function describing the antenna radiation pattern was set 
up in the form | 


ae @ \. , 
Fi®=e “(i (4.22) 


%The obtained expression (4.21) does not consider the influence 
of AGC cn direction finding characteristics, which appears in dependence 
of gain of the i-f amplifier on characteristics of input signal. A more 
precise expression for the generalized direction finding characteristic 
will be obtained below [see formula (4.35)]. 


189 


——Sa 





a 
= 
- 





Se eae 
NSN 







RNG Rane 
ak? sees 


Fig. 4.9. Generalized direction 
finding characteristics during ~ 
simultaneous action on ASN system 
of incoherent signals of two 
sources. 







As can be seen from the figure, the direction finding character- 
istic is deformed with growth of angular Cistance A@ between sources 


Li, and Ls. 


For equal amplitudes of interference signals Uy and Us the system 
tracks the geometric center of the paired sources. This is attested 
to by the fact that in the process of increase of angular distance the 
point of stable state of equilibrium Cone oil) does not change posi- 
tion. It is exactly midway between directions to sources U, and Li, 


(UU, UU") ) 
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Howeve:', with increase of angle A@ the slope of the direction 
finding characteristic decreases (as does the transfer function of 
the system) at the point of stable equilibrium. With a certain 
critical angular distance an indifferent state of equilibrium is 
created in the system (transfer tunction of the system is equal to 
Zero), and the antenna of the suppressed courydinator under the action 
of different random factors starts to be displaced from the geometric 
center of the pelred target, approaching one of sources It, or tho. 
This eritical angle will be called the angle of resolution A@p (A@p)= 


= AG!}, 





With further growth of angular distance A@(A®IY>>AQ,) the center 
of the paired sources becomes the point of unstable equilibrium. 
Simultaneously there appear two points ‘of stable equilibrium of the 
system, 'l, and it. the positions of which are close to the true posi- 
tion of vne sources. The antenna of the suppressed coordinator when 
A®>AQp begins to track one of paired sources Lk or Ly. Complete reso- 
lution cof targets prevails. 


The qualitative analysis made of the behuvicr of the ASN system 
under the influence of interference from two points did not permit 
our estimating the value of the angle of resolution 46. For a quan- 
titative appraisal of angle 46, we will use the condition characterizing 
stable equilibrium of the ASN system. 


The geonetric center of the paired sources will cease to be the 
point of stable equilibrium, ard the ASN system will start to resolve 
targets LU and lh, when the siope of the direction finding characteristic 
at this point is equal to zero. Mathematically the condition of reso- 
lution can be recorded in the following form 


7 Lan? (4.23) 


Using relationships (4.23) and (4.21), for approximatisn of the 
antenna radiation patterns (4.13) we obtain 








menage 8mm 
u- > 
—-[P(«+4)- —Fen+as}}, (4,24) 
+ 
wnere K, is a constant: 
F(x), 
=P sind Do; 
x=" sind, = FO; 
Ax sin Ad 5 ae, 


The root of the transcendental equation Se+= 0 determines the angle 
of resolution by the coordinator of paired sources Uy and Ly. Analysis 
of this equation shcws that the angle of resolution of the paired 


sources is equal to 


Aé,, = (0,8 + 0,9) @.... 


The value of the angle of resolution 46), does not coincide with the 
value of the angular distance between peaks of the direction finding 


characteristic A@nru, plovted for the case cf diwection finding of 


a single source (Figs. 4.3 and 4.4). 


Inequality of powers of paired sources UW, and Uy significantly 
affects the position of the axis of the equisignal zone of the sup- 
pressed ASN system. Let us determine tne dependence of angular error 
tracking 6 of the Sirst source Ll) on the relationship between amplitudes 
of veceived signals. For this we linearize function F(8) in the 
neighborhooe of point 6 # Bo» corresponding to the equisignal direc- 
tion. This is possible if the angular distance A6 between sources 
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Hi, and Ly is small as compared to 89° Taking into account the fact 
that 


F (6, 0) =F (0,)==| F’ (0) | 6, 
F [0, == (0 — A0)] =F (0,)+| F’(0,)|(0— 48), 


we record expression (4.21) in the form 


» 


Ug x= 4ko nF’ (6) [0(1 +67} — 40}. (4,25) 


Since for the closed-loop ASN system 


rr re 


| ue y=, 


| from (4.25) we find 


a 


| 
| ‘=F (4,26) 


the power center of the paired sources. 


it is necessary to note that curing the simultaneous influence 

on the ASN system of continuous signals (cchsrent or noncoherent) 
radj.atec from several points it is tmpossible to start with analysis 
orf direction finding characteristics, plotted fur the case of direction 
finding of a single target. The direction finding characteristic 
depicts nonlinear (with respect to angle) treatment of control signal 
by the ASN system, for which the principle of superposition is not 

| preservec, which is the cause of deformation of direction finding 
characteristics plotted for the case of influence of two signals 


Hence it is clear that tre ~'juisignal direction will be oriented to 


(Fig. 4.9). 
herent interference the power of both interference signals was assumed 


| 
| 
| 
| 
| 
| In preceeding reasonings with respect to the influence of inco- | 
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identical. Let us now consider the influence of inequality of powers 
of paired sources Lj and Lig on the angular tracking erro> of the ASN 
system for one of sources Lh or Uy. Let us determine angular error 

6, in tracking of source Ly (Fig. 4.10). For this we will use equa- 
tion (4.21), the roots of which determine the position of the effective 
center of the paired sources. 


uisignal 
direction 





Fig. 4.10. Position of 
equisignal direction in 
the case of tracring of 
two sources of raciatior. 


Qn the basis of solution of this equation in Fig. 4.11 are plotted 
dependences of angle 8, on angular distance between targets A@ for 
different relationships between amplitudes of signals 6. 


As follows from the figure, with increase of relationship B the 
error in tracking of the -ource with greater power decreases. 


4.4. Influence of Noncoherent Interference 
on the Dynamics of A N_Systems. 


Analysis of the family of direction finding characteristics (Fig. 
4.9) snows that in process of closure between the ASN system and 
paired sources (increase of angle A6) the slope of the cirection 


4 
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finding characteristic decreases at the point of stable equilibrium 
of the system. This slope, with accuracy of the constant factor, 
is equal to the transfer function of the direction finder (transfer 
factor ot' open ASN system), i.e., 


(4.27) 


ae 
Tr 


as 


0,25 
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Fig. 4.11. Dependence of error 
in tracking one of the paired 
sources on angular distance be- 
tween them. 


Decrease of transfer function of the ASN system cannot fail to 
affect the quality of the transient process and dynamic. error. 


Let us determine the transfer function of the direction finder 
kn y during the influence on the ASN system of two incoherent signals. 
Noticeable influence on ky + is rendered, in addition to the value of 
angular distance between sources A6, also by imperfectness of operation 
of the AGC. Allowance for the influe:ce of the AGC can be made just 
as was done in finding the direction finding characteristic for the 


single source (4.2). 


In tne examined case at the input of the sun channel (Fig. 4.1) 
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we have uc = U sin (jt + op, (4,28) 


where ut aut WU. cose, — 0) 65 
UnafYur, + U5, ru or, Us, 608 (0, — @) f (4,29) 

‘ Usp, + Ugg, £08 (ty — 00). 

ae or Sin (a — 






Urey, Us [F (bo — 0) + F (0, + 0)); 


Uce, = Us [F (0, — 0 + 40) + F (0, +0 — 48). (4.29a) 


Expression (4.29) can be expanded in series 


Umut +uE, a (aes, ae (4430) 


Here 
Be =o, — @,. 

In relationship (4.30) we will limit ourselves to. two members 

of the series, since even in the most unfavorable case, when Uy = Us» 

the values of subsequent members are approximately one order of mag- 

Let us record voltage U in the form 


nitude less. 


UsU, + Ug cos Qef, 


where 





Usually the beat frequency Qe is high in (kilohertz) as compared to 
the passband of the filter of the AGC feedback circuit (the bandwidth 
of the AGC filter, as a rule, does not exceed tens of hertz). Th?2re- 
fore it can be considered that at the output of the filter of the AGC 
feedback circuit there will be a d-c component of signal Uy (with 


respect to frequency Q the AGC system Js open). Thus the control 
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voltage on grids of the tubes in steady-state operating conditions 
will be equal to 


User = Ka We. (4.32) 


where K — gain of sum channel; 
wm, — transfer function of detector and AGC amplifier. 


In accordance with the adopted approximation (3.5) the gain of 
the sum channel is expressed by relationship 


K a Ky — WU per (4.33) 


Solving equations (4.32) and (4.33) jointly for K, we obtain 


or, considering (4.31) and (4.29a), 





(4.34) 


= : Ke 
+e Vi+R 


where 


H's = oy [F (05,0 + 40) + F (9, +0 — 48); 
(hg ee, 


Now it is possible to find the voltage at the output of the phase 
detector. Substituting (4.34) in (4.21), we finally obcain 


rt _ _ (p[F2(0, — 0) — F2(0, +6 
Mo a= Ko a('s)* ) — 


F* (0, —0 + a0) —~ F*(0, +0 — a0 


aw. Vite a 


+ 





asad 


- _« 
ee ee 2 8 ee a ee i eet ee ee os = bad —— 





Expression (4.35) determines the generalized direction finding char- 
acteristic of the ASN system for the case of direction finding of 
paired sources, with allowance for AGC. 


Let us note that from formula (4.35) for Uy = 0 as a particular 
case we obtain expression (4.10) for the direction finding character- 
istic during the direction finding of a single target. 


Using relationship (4.27), from (4.35) we find the transfer 
function of the direction finder «syfor the case of direction finding 
of paired sources of equal power (f=1l) for the adopted approximation 
of antenna radiation pattern (4.13) 


—-[r (+ -+) —F(2x,—a3)| 


r= 


ieee rece acre) 


P (14+ F)— Fen tan ee 





where 


F(z) =; pm ex; U wl, aU, 


Curves of dependence of transfer function of direction finder on 
relative angular distance between sources 40/8 5 for various yu and 
89/89 5 ~ 0.3 are shown in Fig. 4.12. All curves are standarized 
relative to maximum transfer function Kay wane With ideal AGC (psc). 
Investigation of the given curves shows that with increase of angular 
distance A@ the tranafer function of the direction finder ™s y de-~ 
creases. When d6@ » 0.8509 5 the system is in an indifferent state 
(tey"9) i.e., resolution of targets occurs. 


The power of received signals (u#) does not affect the value of 
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the angle of resolution. With growth of signal power only the trans- 
fer function of the system is increased, where this increase continues 
to a defined limit, and for signals whose power corresponds to yp > 20 
one may assume that the transfer function sey is equal to the transfer 
function of the system with ideal AGC. 





a2 as ; 
'& 


Fig. 4.12. Dependence of transfer func- 
tion of open ASN system on angular dis- 
tance between paired sources. 


Decrease of the transfer function of ASN with astaticism of first 
order leads to growth of dynamic error. Thus if the input:signal 
is changed per :inear law 


Qos = sash, 


where ms is the rate of change of input angle, the output signal will 
have an error in speed, which can be determined by the formula 


“ 
ma (4.37) 
where ¥®a is 2 constant. 
It is necessary to note that formula (4.37) is valid for stationary 


or quasi-stationary systems and can be used as long as parameters of 
the system change relatively slowly. 








4.5. Effectiveness of Nonconerent Interference 


Let us examine the problem of guiding a missile P to a paired tar- 
get Uy and Lb (Fig. 4.7) at attitude q. 


In the beginning of guidance the distance to the paired target 
D considerably exceeds the value of interval L between targets I, and 
Ls (D >> L), and the angular distance between targets A@ will be 
small. With equal effective scattering areas of both targets the 
goniometric coordinator of the homing device will track the geometric 
center O of the paired sources. 


As the missile P approacher targets Il; and Ly the angle between 
sources A@ increases and at a certain distance the missile's direction 
finder will distinguish both sources and will start to track one of’ 
them. The critical angle A§8, at which resolution of the paireu sources 
occurs, is called the angle of resolution Ad, - 

We will consider that after resclving the sources the missile’ 
with maximum overload is guided to one of targets Uy or Lk (locked 
on), selecving th. initial miss. As a result the missile will pass 
at a certain distance @ from the target. The resultant miss @ in this 
case can be determined in -he following way. 

From Fig. 4.7 it is clear that at the moment of resolution, 
to which the given figure corresponds, there are initial misses A, 
and 4, respectively for targets Lk) and Uy. If targets U, and Uy 
have identical effective scattering areas, 


ed eee 
A, = A,=aby mF c08g, (4.38) 
where L is base between paired sources Ul, and U,. 


The resultant miss 


a=4,—A,, (4.39) 
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Let us ‘tonsider that after the resolution the missile moves with 


maxiumum overload; therefore from (1.59) 


8, => Iuaxe on 


D =a. 


Substituting (4.41) in (4.40), we obtain 


: If D >> L, then 


by = Imane 


(4.40) 
(4.42) 
8 J 
oro (4.42) 


| Considering (4.38) and (4.42), from (4.39) we obtain the expression 


for the resultant miss 


Ao on the value of base distance L. 


L* cos® ¢ 


L 1 
= cos —_— — ‘ 
“x 00S q 5) Inone Sie 


(4.43) 


On Fig. 4.13 1s depicted a graph of dependence of misses Ag and 
From the graph it is clear that 


the resultant miss a has maximum value (@™=@yaxc) for a certain L = Lony. 
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Fig. 4.13. Dependence 
of miss (4s), generated 
by the action of non- 
coherent interference 
and miss (Ad), selected 
during the time of 
homing guidance on base 
distance (L) between 
sources. 
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Let us find the optiium distance between sources Log. Differ- 
entiating (4.43) with respect to the variable L and equating the de- 


> 


rivative to zero, we find 
a 
1 402 of 
Lous =F fosveoeg" (4.44) 


"Taking into account (4.44) and (4.43), we find the expression 
for maximum miss obtained through creation of noncoherent laterference 


from two points in space: 
L 
Guane = 7 COSG 


or 


At? v2 : | 
Quaxe = Bree : (4.45) 


Formula (4.45) shows that the miss depends in strong degree on 


the angle of resaqlution AG, of the paired sources and on rate of 


closure between missile and target Ogg. 


4.6. Interference Created by Two Coherent Sources of Radiation 


As was shown earlier, in that case when two sources of signals 
are incoherent, the automatic tracking system follows the center "of 


mass" of the sources... 


If the input of the antenna is acted upon by signals of two co- 
herent sources, it is possible in principle to create of such a resul- 
tant signal by which the equisignal direction (RSN) of direction finder 
is oriented to a point located beyond the limits of the base (41, 43, 
46-50]. Let us explain this in somewhat greater detail. In Fig. 
4.14 are depicted the antenna array of an. aplitude direction finder 


| 





| with sum-difference treatment and its radiation pattern in a rectang- 
| ular system of coordinates, taken respectively for radiatcrs I and II. 
| 
' 





of the antenna of a monopulse amplitude di- 
rection finder. 


poe ey ==. = 
a tm 


If bearings are being taken for a single point source, a zero 
signal at the output of the difference channel of the sum-difference 


ee 


circuit, and consequ-ntly that at the output of the phase detector, 
will be obtained in that case when the direction to the source of 
radiation coincides with equisignal direction 00’. In other words, 
zero voltage at the output of the phase detectur at the point of 
Stable equilibrium (of the direction finding characteristic) corres- 
ponds to the position on the axis of angles of equisignal direction, 
determined in accordance with both the principle beam of the radiation 


—. Teo epee eee. SS 


pattern and in terms of side lobes. 


| 

' 

| : 
| Fig. 4.14. Section of the radiation pattern 

{ 
Let us determine the position of the RSN on the axis of angles 

for simultaneous influence on the direction finder of coherent signals 
| of two spaced sour’es. We will be interested in the field of sources 
directly in the aperture of the direction finder antenna. If we ignore 
the stability of the direction finder, to the equisignal direction will 
correspond a zero signal at the output of the difference channel, 
i.e., the necessary condition determining the posltion of the equisignal 
| 


direction on the axis of angles is zero voltage at tie output of the 
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difference channel. Determination of sufficient conditions requires 
additional investigation of the stability of the ASN system in the 
neighborhood of the given zero point. 


Let us assume that the sources of ccherent signals are seen from 
a point corresponding to the geometric center 0' of the antenna of che 
suppressed direction finder at’ angie A@ (Fig. 4.14). 


The angle between the RSN of the direction finder and the direc- 
tion to the middle of the base of sources of interference signals will 
be designated by ®. , 


Let us say that the ampiitude of the field in the aperture of 
the antenna of the coordinator created by source Ie is equal to 1 and 
that the amplitude of the field created by source Il, is equal to #6. 


Let us find the resultant signal at the output of the difference 
channel of the sum-difference monopulse direction finder (coordinator). 
Let us consider two cases. 


Case 1. Oscillations created by sources in the center of the 
aperture of the antenna of the coordinator are in phase (py = 0). 


Let us f'ind the total signal generated by sources Ll) and a! 
at outputs of radiators I and II respectively: 


Wa = BF (E+ e+ F(4— be), (4. 46a) 
ae ne or 


Here Fi(é)i—! represents the radiation pattern of the antenna. Angle é 
is measured, as usual, from the direction of the radiation peak. The 
problem at hand (determination of position of the RSN on the axis of 

angles) can be solved strictly by representing radiation pattern F(@) 

ini the form of F(x)= sas (antenna has a rectangular aperture with 





204 


eee eee 








2 
a (0) (outlet of antenna — aperture — 


- 4. 
side d, x==-sin8) or F(x)= 
constitutes a circ.e with diamter d, x= “sin t), if we graphically 


find the roots of the transcendental equation 





Mey — Hey =O. (4.47) 
Will limit ourselves to approximate consideration, for which we lin- 
earize function F(§) in the neighborhood of the cquisignal zone (RSZ). 
This can be done if 40/2 and ® are small values as compared to 6 
then 


Q? 


* - 


uy =8 Te alt +*)]+ 


+ FW)+1F OI (F— °), Wea, 
en =B[ F(O)-F LP ONL ey ] + 
HF) +IP OO (— 


uy —u, J miraeneareai(t a) (4,49) 


ae — 
%= TTP (4.50) 


The last expression shows that the equisignal zone of the ASN 
system in this case will be directed to a certain point between sources 
of interference signals (amplitude center "of mass"). 


When B=! the axis of the RSZ is oriented to the middle of the 
base of interference signals. 


When #00 and é—0 the axis of the RSZ is oriented to sources 


LI, and Lis. 
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From condition w,—u,,=Q we find 




















Fields generated by coherent sources in the center of 





Case 2. 
the aperture of the coordinator anter.na (direction finder) are in 


opposite phase (yp = 7). 


In this case 


Ha=8 [FOO (F+)|—Fa— 
| : —1F i (F— e), . (4.51) 
| HEFT OK E+] — 
—FO+IF ON (S— 8), 
| . u., Ha — 2A F (0) (J+ °) —2| F(t (—?). (4.52) 


| From co dition &, —u,,,=20 we find 


| | | =F 74}. (4.53) 


| In that case when the phase difference of oscillations created 
by interference signals in the center of the antenna aperture is 
equal to ¥, we obtain the following expression for the angle between 
_the RSN and the middle of base L of sources of interference signals: 


Ae 1—s . 
| ges Cora (4.54) 





From this formula relaticnships (4.50) and (4.52) are obtained as 
particular cases for p=0 and 9=a.’ 












1Pormula (4.54) was obtainec by B. I. Polikarov as a result of 
analysis .f the joint influence of two coherent signals on the open- 


loop tracking system. 





It is necessary to note that the formulas given abcve are approx- 
imate, inasmuch as they were obtained by way of linearization of. the 
function describing the radiation pattern of the antenna. 





Formulas (4.53) and (4.54) can be used only for small values of 
angles 6, satisfying the approximate equality tg Da&@, 


When B is close to unit (4.53) gives erroneous results. The value 
of anglular error ® :n vhis case must be found by solving transcendental 
equation (4.47). More exactly, the limits of applicapability of for- 
mula (4.54) can be determined by the following inequalities: 
A0/00,5<0,02+0,04; B<d9 (or Poll): here 6) 5 18 width of beam of radar 


antenna. 


As was noted earlier, the simuitaneous influence on the amplitude 
direction finde: of two coherent signals of opposite phase leads to 
angular displacement of equisignal direction beyond the base of the 
interference scurces. The biggest value of argular displacement 
exists (neglecting the desired signal) during equality of amplitudes | 
of :nterference signals. 


Let us estimate approximately the value of angular error, using 
for this antenna radiation patterns depicted in Fig. 4.14. It is 


turn to zero not for any value of 0, satisfying inequality —§,<d<4 
Equality (4.47) will apply only in the range of angles ©, in which the | 
{ 


\ obvious that with equality of amplitudes of reversec phase interference | 
| signals, owing to opposition of signs of slope of radiation patterns I 
and Tl in the region of angles “85 +85 the difference Uri—Wer does not 
| 


signs of the slope of radiation patterns are identical. These regions 
lie to the right and left of internal “95; +8); i.e., on the right and 
left slopes of radiation patterns I and II. Numerical solution of { 
equation (4.47) shows that the maximum value of angular displacement 
of the RSN, on the average, is 0.08) 2. | 
Let us explain the principle of action of coherent interference on 
the basis of anilysis of the fine structure of the phase front of the 
resultant electrical vector of the field of two sources. 
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Let uS assume that there are two coherent cophasal point sources 


Il; and Ul, with amplitudes equal to and 1 respectively. We investi- 
gate tne space phase characteristic of the resultant electrical vector 
of the field at a distance much greater than the iength of the base 
between sources L (zone of Fraunhofer diffraction). We will use a 
spherical system of coordinates for this purpose. 


If there is one source of radiation, the line of equal phases 
constitutes a sphere whose center coincides with the source of rad- 
jation. The phase characteristic of two sources of radiation of 
identical amplitude also constitutes a sphere, but its center is 
at the median point of base L of the sources, in the so-called elec- 
trical (phase) center of the sources. (By definition the electrical 
center of several sources 18 understood as a point about which the 
phase characteristic constitutes a sphere). The direction of the 
normal to the phase front of a wave created one source coincides 
with the direction to this source. 


The case of two coherent sources of equal amplitude the direction 
of the normal to tne phase front coincides with the direction to the 
center of base L, if the fields of the sources are in phase in the 
center of the antenna aperture. - 

Let us examine the phase characteristic of two cophasal sources 
of equal amplitude more carefully, assuming that L >> A. The ampli- 
tude characteristic of the total electrical vector of two sources 
(antenna radiation pattern is described by function 


4, =cos 5-sin 


The phase characteristic constitutes a sphere ($5 = const), but with 
transition from lobe to lobe a sudden phase shift of tm takes place 
(Fig. 4.15). 


If, however, the amplitudes of the sources are not equal, amplitude 
and phase characteristics are transformed appropriately (Fig. 4.16). 
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The radiation pattern of two radiators of different amplitude on the 
vovder between lobes passes smoothly from a certain value 9 to 

gta in the interval of angles A®' of finite width (A0’%«0). 

in the region of angles A6', corresponding to a jump or smooth change 
of phase by tx (region of phase inversion), the amplitude character- 
istic has minimum value. In Fig. 4.17 in a Cartesian system of coord- 
inates is shown one of the sections of amplitude and phase character- 
istics. To the point of greatest slope of the phase characteristic 
¢(8) corresponds’ the least value of amplitude of the summed signal. 





Fig. 4.15. Amplitude 
and phase characteris- 
tics of two coherent 
sources with equal 
power. 





Fig. 4.16. Effect of coherent interfer- 
ence on ASN system. 
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Fig. 4.17. Phase and amplitude 
characteristics of two reversed 
phase coherent sources of diff- 
erent power. : 


At sufficiently great distances from the sources of radiation 
the linear dimensions of the region of phase inversion can considerably 
exceed the dimensions of the direction rinder antenna, which makes 
it possible to consider the section of the wavefront with phase and 
amplitude inversion within the limits of the antenna aperture flat. 
Because of the principle of action of the automatic direction finder, 
the axis of the antenna, coinciding with the RSN, is automatically 
oriented perpendicular to this section of the front with phase inver- 
Sion. Accordingly the direction finder will track the center of the 
paired sources with error ® (Fig. 4.16). 


Let us estimate the value of angular error, applying the above- 
stated concept of the fine structure of the phase front. 


It is obvious that angle © between normals to the spherical 
section of the front and the section with phase inversion (angular 
tracking error) equal: the angle between corresponding tangents to 
these surfaces (Fig. 4.18). Hence we will apply the following means 


of solution of the problem: 


1) find the equation for the line of equal phases of the electrical 


vector of the resultant field of two sources in the plane determined 


by the interference sources and the antenna of the Suppressed radar; 





2) fird angle ® between tangents to the circle with radius lo 


and center at point 0 and lines of equal phases of the resultant field 


of the two coherent sources. 






ua Perconst ; 


} 
en 
i; 
; Fig. 4.18. Line of equal phases for the 
case of two coherent sources of different 
amplitude. 


The thus obtained value of angle @ determines the angular track- 
| ing error of the direction finder if its untenna has linear dimension 
much smaller than the extent of the region of phase inversion. 


| The elementary vector of the resultant field of two coherent 
cophasal’ sources at point No at distance ro >> L can be recorded in 


| the following way: 
; = E. ; ms 
ie el a (4.55) 


Here 


1The assumption of the cophasal nature of fields is not fundamen- 
tal, inasmuch as the discussion concerns the phase characteristic in 
space, but such assumption considerably simplifies the derivation. 
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Eo and Ey —- amplitudes of fields in apertures of antennas of inter- 
ference sources; 

Ky - proportionality factor; 

and rs - distances from sources to point of observation No 


. 


i 


w —- angular frequency. 


Inasmuch as Py >? L, with sufficient accuracy 


r= —-g- sot, 
naetopsint (4.56) 
Consequently 
Ey = {p [cos sin t) — jsin ( sin 1) |+ 
(el. a Le = 
sone x, 8) Sta (oe) 8 0 (4.57) 
or ; 
w= MoE wt sin 
Eq, = 7 [(1-+ 9)cos (sind) + 
+11 —Asin (sinter, (4.58) 


Hence amplitude and phase characteristics of the electrical vector of 
the resultant field are obtained directly. 


Amplitude Characteristic 


Ey, (0) = Vy (1 -+- B)* cos® (+ sin “+01 — )*sin® G sin ¢) 


| 





Se 


or 


Ey, = / P+ 2heoe( 5 Leint) + 1, (4.59) 


We will designate by py the phase difference of oscillations from source 
ll, and Li, at point No (in the center of the aperture of the antenna 

of the suppressed radar). It is obvious that => L sin @. When 

== | from (4.59) we obtained the well-known formula for the amplitude 
characteristic 


Ey, (¢)=cos (5 sin ‘). 


Phase Characteristic 


o(0)=arcte [1 te (sind). | , (4.60) 


‘With the help of (4.60) we plotted the phase characteristic in Fig. 


4.17. We will change angle 6 by &@ and estimate the phase shift 6 
generet d by this change. 


In accoruance with the definition of phase front 


an 
alr, 
where 
ty = NN’, 


From triangle N.NN' (Fig. 4.13) it follows that with accuracy of 
infinitesimal values of second order 








NN’ 


oO Ty (4.61) 
Here . 
N,N = 288, 
Hence ‘ 
sO at 
or, passing to the limit, we obtain % 
d 
0 ae a (4.62) 


bifferentiating (4.50) with respect to 6, after making certain trans- 
positions, we find 


Locos 1— pe 
a Or, b+ Bcosd +1° (4.63) 


From Fig. 4.18 it follows that L cos @/ro= AQ, i.e., the angle at which 
interference sources are seen from the ceuter of the radar's antenna 
system. Considering this circumstances, we obtain the final formula 
for angular tracking error 


f= 
= = 1° (4,64) 


Formula (4.04) coincides in accuracy with (4.54), which confirms the 
correctness of the proposed interpretation of the principle of creation 
of coherent interferenve. Once again let us remember that formula 
(4.64) san be used cnly for small values of angle @(@=xtg@). In Fig. 
4.19 is plotted dependence O=O(p) for different values of amplitude 
ratio B. The biggest vaiues of $ exist when )=x and p—l. 


A qualitative explanation of the principle of coherent interfer- 
ence can be made with the help of vector diagrams of the field generated 


by interference sources. 
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Fig. 4.19. Dependence of 
angular tracking error with 
respedt to the geometric 
senter of a pair of co- 
herent sources on signal 
phase difference. 





Eiectrical vectors E) and E, of sources are cophasal at the point 
of observation Np and can be represented as almost collinear. The 
angle between E) and E, is equal to angle Aé (Pig. 4.20a). The Poynting 
vector p of the resultant f:eld is perpendicular to the electrical 
vector of the resultant field E and lies on a straignt line connecting 


point N, and a certain point between sources. 


0 
The equisignal direction of the direction firder, owing to its 
principles of action, is automatically oriented approximately along 
the Poynting vector. ? Consequently at points where the fields of the 
interference sources are cophasal (in the center of the aperture of 
the antenna of the suppress¢d radar) the axis of the direction firder 
antenna is oriented to the amplitude (power) center of mass of these 
sources. If, however, the fields of the sources in the center of the 
antenna aperture are of opposite phase, the orientation of one of 
vectors EL and E, will be reversed accordingly (in Fig. 4.20b the 
orientation of vector EL is changed). The Poynting vector is oriented 


Ime axis of the antenna is oriented exactly along the Poynting 
vector in the case of finding the direction of a point source. 
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alony a straight line passing through point No and a point lying 


beyond the buse 


of the two sources. The uxis of the direction finder 


antenna (RSN) will be oriented approximately the same. 





Fig. 4.20. Vector diagram of fields 
generated by two ccherent sources: 
a) fields of sources of radiation 
1 and 2 at point of observation No 


are cophasal; b) fields of sources 
1 and 2 at point of observation No 


are of opposite phase. 


Analysis of the amplitude-phase structure of space distribution 
of the resultant electrical vector (Fig. 4.17) suggests the idea 
of expanding the limits of applicability of formula (4.64) somewhat 
by way of averaging angles 0 with respect to the aperture of the 


antenna of the 


suppressed radar (Fig. 4.16 and 4.17), taking into 


account the weight of each value of angle ©, determined by the corres- 
| ponding value of amplituce of the resultant electrical vector of the 


field (4.59). 


It is most convenient as weighting function to select 


tne square of amplitude. Then the average value of error can be 


determined in the following way: 
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where 


PUN Ey, (+023 + 8059-4 1) 


After substitution of value @stg@ from formula (4.64) we obtain the 
formula for tne error generated by ‘coherent sources 


\° 


3—* - 1— 5° 

wong oe whee : 

Fyn 4 coe OE | (4.65) 
Here 


xm enone £ wee: 


The limits of applicability of formula (4.65) can be determined only 
by comparing it with results of more strict solution or comparison 
with experiment. Its compariscn was made with results obtained 
through graphical solution of transcendental equation (4.47). Results 
of comparison show that formula (4.64) 1's applicable for values of 
ratio A@/@5<0,05+0,1 with values of BSI, or £<0,9. 


For values fi, close to unity formula (4.65), like formula (4.64), 
is inapplicable. More exactly, it becomes applicable with approach 
of B to unity for all smaller values of ratio A@/dos% and at the limit, 
when B=l this ratio should be equal to zero. It is necessary to note 
tnat formula (4.64) gives error in the direction of overstated effec- 
tiveness, while formula (4.65) determines values of error smaller than 
actually exist (understates the effectiveness of jamming). 


Until now we have examined action of only interference signals, 
while the desired signal was not considered. 
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Allowance for the useful signal can be made by different methods. 
It 1s most simply considered when interference and useful signal are 
noncoherent and the tracking system subjected to their simultaneous 
influence is in a state of equilibrium. Depending upon the operatuiorial 
mode of the second detector of the receiver, two cases can exist: 

— the axis of the antenna (RSZ) is directed to the power center 
(square-law detector) ; 

— the axis of the antenna (RSZ) is directed to the ammlituae 
center (linear detector).! ; 


We will limit ourselves to consideration of the case of reversea 
phase interference signals, these being the most interesting from the 
standpoint of jamming. Then in accordance with (4.53) the infliuence 
of interference signals can te replaced by the equivalent action of 
one source, located beyond the base at point 0' (Fig. 4.21), where 
source power 


Pon =, (Eos — Ex) = Pos (1-9) 


where K) - proportionality factor; 
Poo — radiated power of second interference source. 


e 





Fig. 4.21. Position of equisignal 
direction, with allowance for the 
influence of the desired signal. 





1Considered here are ASN systems with post-detector sum-difference 
treatment [60]. 
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Assuming that the desired signal of power Po 18 noncoherent with 
interference and is reflected from the center of the base 0, we record 
‘he condition of equilibrium of the closed loop tracking system in 
the case of the square-law detector and linear direction finding char- 
acteristic in the whole interval of examined angies (Fig. 4.21) 


P, Ad = Py (d — 0), (4.66) 


Here P. and De are powers of useful and interference signals at output 
of antenna of suppressed radar. 


Hence * 


\ ot a Se 
oo Pith, (4.67) 


Fowers a and Pt can be expressed through powers of interference sources 


and power of suppressed radar: 


P= Pas ie : 


P _ e:CoctuAy 


4nDstaDe 


Consequently, 


Ps 1 , ParGateDite 
one wT Patan (4.68) 
Thus, Ad==0 Ty. (4.69) 


The optimum ratio of amplitudes of interference sources for a 
given ratio cf powers of interference source and suppressed radar can 
be obtained with the help of (4.69). 
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Let us replace in (4.69) ® and k by their values from (4.53) and 
(4.68), where we additionally introduce designation the k = k' (I—B), 
where k' actually equals the ratio of power of interference source 


(in this case Lg) to power of desired signal at the input of the 
suppressed radar. 


Thus for interference signals of opposite phase in the center of 
the aperture of the suppressed radar: 


ae — 2? &(i— fp) 


eT eT- (4.70) 
or 
Ae = 4° =f. 3 
when Bl ana k’>l 
_ ag sbi+ 
soma Ditl 


If, however, Bml, for finite values of K’ we have At=0. 


The optimum value of B, ensuring the biggest value of Aéfor a 
given k', can now be found from (4.71). Differentiating (4.71) with 
respect to # and equating the expression to zero, we find the initial 
equation determining the optimum value of f:. 


p—(2+ p)Pti=0. 
Hence | 


fora V/ (It ar) 1 (4.2) 


Witn increase of power of sources of interference (k’—*0o) the effective- 
ness of coherent interference determined by angular error A®, grows, 
and the optimum value of the amplitude ratio of interference signals 


Boor 1. 


220 





In the case of signals of greater amplitude (linear detection) 
the condition of equilibrium (4.66) 1: recorded in the following way: 


VP, 18 =YP,(0— Ad), (4.73) 
Accordingly 
apeeve, 
eden EE 3 (4.74) 


Substitucing values of ® and x from (4.53) and (4.68), we find 


ao—” . a+pvP 
Ti-pye+vi-s (4.75) 


or 


46 = .- 5 
vv i140 ae (4,76) 


Till now we did not pay attention to the sign of angular error. 
In general, this question should be examined specially. In first 
approximation on the basis of the study of the fine structure of the 
phase front one may assume that the axis of the direction finder an- 
tenna will be directed beyond the base from the source of greater 
power. Owing to the symmetry of the system of interference sources, 
error can be either greater or also less than zero; therefore, in 
general the optimum value of B with increase of power of interference 
sources épproaches unity on both the right and left, 1.e., in the case 


of strong signals 


Bome 1. (4.77) 


The value of angular error corresponding to Boar, should be de- 
termined by solving transcendental equation (4.47). 
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In many cases during reflections of electromagnetic waves from 
bodies of comparatively simple form part’ of the components of the 
desired signal will be coherent with the interference signals for 
prolonged intervals of time. This circumstance will cause a change 
of the phase relationships of resultant vectors of the field in 


the antenna aperture (Fig. 4.22). Instead of interference electrical 
vectors EL and Es shifted in phase by 7, in the center of the antenna 
aperture wil] act vectors E. and E'ys whose shift 9x. A slight 
change of phase relationship can lead *o considerable change of angu- 
lar error @ (Fig. 4.19). 


ges & 
ee ae 
i ' 


Fig. 4,22. Phase relation- 
ships of electrical vectors 
of fields of useful and in- 
terference signals. 


The formulas given above for determination of angular errors 
generated by "coherent" interferences do not consider fluctuations of 
phases and amplitudes of interference electrical vectors EL and F,. 
Allowance for fluctuations can be made by way of corresponding averag- 
ing of ® or Ad. 


In general, when the phase shift between interference signais in 
equal to wp, total power of interference signal in the center of the 


aperture of the antenna of the suppressed radar ‘s determined with 
help of formula (4.59) 


Py =Pys (B*-+-28c08}-+1), (4.78) 


where P,, 1s power of interference signal of second source at the input 
of the radar. 


With the help of (4.67) and (4.74) we will obtain formulas for 
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for angular error under the assumption of noncoherence of useful and 
interference signals: 
— square-law detection 


40: 1—>p* 





A ==. ; 
Fp mcd tl +p (4.79) 
— linear detection 
es =f ‘ 
=9 TT (4.80) 
+ Boose +i + Fe TE + VF + cos FFI 


Hence can be found optimum values of amplitude ratio of interference 
Signals. In particular, with square-law detection 


Age (45) 
Pome = — ogg 


R 
It is easy to see that the optimum value Boar > 0 exists if tz: 


4.7. Influence on the ASN System of Pertodic Input Disturbance 





It is assumed that the ASN system is acted upon by periodic input 
disturbance of fcrm 


02, = 0° +Asingt = 0, + 0°,3. (4,81) 


where @, — sluwly changing component 


A, Q — amplitude and frequency of external influence. 


Re presentation of input “disturbance in form (4.81). corresponds 
te the case when the target or the object itself on which the ASN 
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system is carried goes through periodic oscillations (vibrations). 

If we assume that the frequency Q of external disturbances is suff- 
iciently high that it 1s outside the limits of the equivalent passband 
of the ASN system, @% will characterize slow shifts of target.! 
Component 08. is the useful control signal and is processed by the ASN 
system. ' Component @%ss is harmful, and its presence leads to a series 
of undesiratle phenomena. 


Naturally, representation of input signal in form (4.81) is an 
abstraction. In the general case %, is a random function, but it 
sometimes is useful for rough estimates to assign input disturbance 
in the form of a harmonic. In particular, apparently, a qualitative 
appraisai of the influence of "wanderings" of the effective center of 
a complex target on the dynamics of the ASN system can be made if one 
assigns the harmonic input disturbance (4.81). Then the target can 
be considered a point, with its motion characterizing member 09. 
"Wanderings" of the effective center are assumed harmonic, with ampli- 
tude A and frequency @ 


In an ASN system there usually are different nonlinear elements. 
Considerable nonlinearity is displayed by the direction finder, the 
AGC system, and others. The equivalent circuit of the tracking system 
of an ASN, with allowance for AGC, can be represented in the form 
of Fig. 4.23. Such representation of the ASN tracking system is quite 
gencral. The input signal of system is angle 4x. The output quantity 
will be the voltage fed to the automatic pilot (or some other device) 
for formation of control signal in.the homing guidance (guidance) 
circuit. The direction finder (measuring element) converts the geome- 
tric parameter (angle Os) to an electrical one ’s. This elemert is 
nonlinear and is characterized by function 


u’, = F’ (0). 


1Subsequently it 1s considered that the frequency of the external 
disturbances is sufficiently high and that the ASN system is open with 
respect to this frequency @. 
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Fig. 4.23. Block diagram of ASN system. 


The form of function F'(6@) is determined by the direction finding 
characteristic (Figs. 3.5, 3.6, 4.3, and 4.4). Transfer functions 
W(p) characterize the following elements: 


W,(p) filter of phase detector and amplifiers of error signal; 
Wo(p) amplifiers covered by feedback; 

W3(p) amplifiers and drive assembly; 

WeclP) feedback circuit; 

We alp) data removal device. 


The action of the AGC system appears as change of transfer func- 
tion and form of nonlinearity F’(6ss) of direction finder in dependence 
upon the ampiitude of the iuput signal Ussit), Subsequently it is con- 
sidered that Usgeconst, and influence of AGC is not considered. 


The simplest and most effective means of study of nonlinear systems 
under the influence of harmonic disturbances is the method of harmonic 
linearization [100]. It 1s based on Fourier expansion of nonlinear 
oscillations at the output of the nonlinear element during the influence 
on its inpuc of periodic disturbances. Here the nonlinear characteris-~ 
tic is replaced by a group of straight lines whose slope depends on 
amplitude A of oscillations of input variable u(t). As a result the 
nonlinear element is replaced by a linear one with equivalent gain tae, 
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the value of wnich depends, in general, on amplitude and frequency of 
input disturbance. 


Basic nonlinearity of the ASN system is caused by the direction 
finder (measuring device). 


Analysis of direction finding cheraeteniaties (Figs. 3.5, 3.6, 
4,3 and 4.4) shows that with accuracy surficient for practice the non- 
linear function F'(6@) can be approximated by straight lines, shown 
in Fig. 4.24, 





' gt. 
Fig. 4.24. Harmonic linearization of nonlinear 
direction finding characteristic under the action 
of external harmonic disturbance. 


For the execution of harmonic linearization of nonlinear function 
F'(@) for given asymmetric oscillations we will consider that the so- 
lution for the value of 6 is sought in the form of (4.81). Then the 
nonlinear function F'(6), on the basis of the method of harmonic 
linearization, is replaced by the follcwing relationship: 


F (9) = F° + gt? an F°(A, 0°) +9 (A, 0°) 0° (4,82) 
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where F° and q are coefficients for the first two terms of expansion of 
F'(@) in Fourier series: 


9s 
Prong |r +Asagn aon (4,83) 


es 
i ’ oe 
emir JF (0° + Asin Qf) sin Qs dQt. (4.84) 


For the constant component F° and coefficient q on the basis 
(4,83) and (4.84. and Fig. 4.24 we have 


F(A, Wye — ne pM [4 (V7 SEP 


—y ;-Ce +t )+0—0yarcon 2" — | 


—(b + 0°) arcsin +2 ’ (4.85) 


1. == 425460 V1 So, 
+040) V1- SEF, 


+A ( arcsin coos arcsin -4*)): 
where Apb+/0°|. 


Here pan Suete is half of the angular distance between maxima of 


the direction finding characteristic. 


In ASN system considerable nonlinearity (after the nonlineary of 
the direction finder) is created also by saturation of error signal 
amplifiers in forward and feedback circuits. Since an increase in 
the linear section of the static amplitude characteristic of amplifiers 
is connected with sharp increase of weight and dimensions of amplifiers 
to avoid saturation in amplifiers during large values of mismatch sig- 


nal is impossible. Therefore in order to get an objective picture of 
the influence of periodic disturbance it is necessary to consider also 


nonlinearities of saturation type Fi (uy); Fo(uy); F3(u3), and F. AS a 


ia forward and feedback circuits (Fig. 4.25). 
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Fig. 4.25. Harmonic linearization of non- 
linearity of saturation type under the 
action of external harmonic disturbance. 


For nonlinearities of savuration type values of constant component 
F° ana coefficient ot harmonic iinearization q can be recorded in the 


form 


rune tv (fi oe- Vi oa) 


+0, + 2°) arcsin al Oa u°) arcsin on ’ 


(4.86) 
q(U. 4°) = > [area Soe + aresin ey 
og Vitae EE, er 


where Us b,+|s°|. 


Functions F° (4.85) and (4.86), frequently zalled aisplacement 
functions, are characteristics of corresponding nonlinear elements 
of system with respect to slowly changing couponent 9° (or u°). 
Function F° (A, 8°) is a smooth curve, clcse to linear in the neigh- 
borhood of point 6° = 0. This permits conducting usual linearization; 
namely, over a certain comparatively large section near the origin 
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of coordinates it is possible to take 





Fem te0°, (4,88) 


where ¥®e is equivalent gain of the :inearized nonlinear element: 


= (Fe). (4.89) 


Then all slowly developing processes connected with change of 
angular position of target 6° can be described by a linear differential 


equation. 


Since the system always tries to reduce mismatch 6° to zero, in 
practice relationship (4.88) will be valid for the entire item the 
ASN system {is in a stable state of equilibrium. 


The nonlinear element transfers the slowly changing component 
6°, generated by target shift. Here it is very significant that gain 
depends not only on the structure and parameters of the ASN system 
itself but also on amplitude A and frequency 2 of the external influ- 
ence. 


cy 


\ 


On the basis of relationships (4.85), (4.86), and (4.86) can 
be obtained formulas for equivalent transfer function of direction 
finder 4e and elemerits with saturation erp; ; 


4 


Ke = 2th ee 


\(4.90) 
Ke = ata ‘ x 
oS ) Q- 
| : (4.98) 
whereApd. and Uph. | : a 
Graphs of coef@icients Ke and erp are shown in Figs. 4.26 and i 


4,27. From the graphs it follows that the gains of the nonlinear 
elements decrease with growth of amplitude of external influence 


~“ 





a gegen 








A and U. It is interesting that when ampiitude A reaches a certain 
value AwAxy the transfer function of the direction finder even becomes 
negative, which indicates that the ASN SyStem becomes unstable. In 
other words, external influence with amplitude ASA shifts the ASN 
system into an unstable state. of equilibrium. More detailed investi- 
gations show that in beginning of influence, when A#=Aup the ASN system 
goes into self-oscillation, and then with grcwth of A the amplitude 
of these oscillations is increased, and with further growth of A 

the ASN system can be driven out of the autotracking made. 





Fig. 4.26. Dependence of equivalent 
transfer function of direction find- 
ing characteristic on amplitude of 
external harmoric influence. 


Fig. 4.27. Dependence of transfer 
function of amplifier with limita- 
tion on amplitude of external har- 
monic influence. 
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Solving equation = 


2 
201) cata 7 — m= 0 (4.92) 





gives us an expression for critical amplitude of external influence 


‘ @ 
Pm cence (Ka &,) (4.93) 
or a 
4 } | 
Aup =77- AD wane cosec ok! (4,94) 
when (cm, > && aa Sein (K+ Ks). 
Any 0,320 yore (1:+§). : (4.95) | 


For investigation of stability of a nonlinear system usually by 
breaking the circuit at certain point K we separate the nonlinear © 
element from the remaining linear part (Fig. 4.28). 


“Linear part 8 Nonlinear 
ee of systen a elemort ~ Hl 


Fig. 4.28, Reduced block diagram 
of nonlinear ASN system for ir- 
vestigation of its stability. 











The equation for the dynamics of the system in such case can be 
reduced in the form of the following differential equation [100]: 











Q(p) 8 + R(p) F’ (0) = S(p) Ons (0). (4.96) 





where Q(p), R(p), and S(p) are polynomials of any degree with constant 
coefficients, where the degree of R(p) is lower than that of Q(p); 
F'(6) is assigned nonlinearity; 








Os = 0), +0%s as; 


231 





Ox 
Os _ perlodic external influence. 


~- slowly changing external infiuence; 


The ratio R(p)/Q(p) is the transfer function of the reduced linear 
part of the system, obtained way of breaxing the system at a certain 
point. 


Since for harmonic linearization 


F (0) = F* + ¢°, 
where 


0 0° 4 0% 0° + Asin ot, 


that initial equation (4.96) can be reccrded in th. form 
Q(p)(0° + O°) + R(p)(F° + g¥*) = S(p) (0, + 0%). (4.97) 


The obtained equation for sufficiently slow change of function 
6,,(¢) can be split into two, for slowly changing and oscillatory compo- 
nents respectively: 


Q(p) 0° + R(p) G0? = S(p) 0% ss. (4.99) 


Taking into account (4.88), we can record equation (4.98) for 
the slowly changing component in the form 


Q(p) 0° + R(p) x0 = Sipe. (4,100) 
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Since the equivalent transfer function of the nonlinear element 
xk. depends on parameters of noise (frequency @ amplitude A), all these 
parameters significantly affect the stability of the system, by which 
in this case is understood the stability of the equilibrium state of 
the system, described by equation (4.100). Such stability signifies 
damping of transient conditions in accordance with the slowly chang- 
| 


ing component (in’ our case the useful] component @°). 


For investigation of stability of the system the Goldfarb method 
ean be used [101], according to which equation (4.100), with replace- 
ment of p=#/Q can be written as: 


Quay 
say ne (A. Q). (4.101) 


When (4.101) is used stability is defined as limit of appearance | 
of self-oscillations. Parameters of self-oscillations can be found 
graphically at the point of crossing of two lines on a plane, one of. 
which the amplitude-phase characteristic of the equivalent linear sys- 

tem WaliQ)}— corresponds to the range of ceterminaticn of 0<Q<e, 

while second the reverse amplitude characteristic of the nonlinear 

element 


i 
Vote =— TEA. Oy (4,102) 
corresponds to the domain of definition 9¢A<e.: 


This method is convenient during the analysis of stability of 
a system if only tne jirection finder is nonlinear and the remaining 
part of the circuit does not contain nonlinear elements. 


We will, with the help of this method, analyze a hypothetical 
ASN system, the amplitude-phase characteristic of which is depicted 
in Fig. 4.29 (system open at point K, Fig. 4.23). On the same figure 
is plotted the reverse characteristic of the nonlinear direction finder 
Wosy. The point of crossing A characterizes parameters of oscillations 
















(in particular, frequency Qxp). Loss of stability in this case occurs 
| with decrease of transfer function to the value determined at point 
A. 


ee ee ee ee ae ee — 





Region of 
stability 





Fig. 4.29. Influence of change of 
transfer function of direction finder 
on stability of ASN system. 


In the presence, in addition tc the direction finder, of other 
nonlinear elements should be made of stabllity in accordance with 
logarithmic amplitude and phase characteristics (see 3.6). 
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METHODS OF ACTIVE JAMMING OF AUTOMATIC 
RANGE AND SPEED TRACKING SYSTEMS 


5.1. Introduction 


Channels of automatic range and speed tracking are present in 
almost all radar meters of guidance and homing guidance circuits. 
These channels fulfill the following tasks: 

— increase the selectivity of guidance systems, thanks to which 
it is possible to lock the guidance (homing guidance) circuit on 
assigned target; 

-— increase the noise immunity of systems by reducing the time of 
the open stave of receivers and narrowing thelr passbands; 

- act as meters of range and speed coordinates. 


The basic éssignment of these channels of homing devices is 
additional selection of targets with respect to range and speed. 


5.2. Active Jamming of Automatic Range Finders 


For syst2ms of automatic range tracking active, interference of 
two types is created: noise and pulse. 


Let us briefly cover the principle of action of the automatic 
range finder, a block diagram of which is presented in Fig. 5.1. 
Pulse (C) reflected from target together with interference (II) goes 
to the input of time discriminator (BP), which is also fed two strobe 
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Fig. 5.1. Functional diagram of 
radio range finder: BP — time 
‘discriminator; SZ — delay circuit; 
3 - delay voltage; GSN — strobe 
pulse generator. 


2 
coincidence cireuit, charging and discharging 


dependence upon the sign of the time mismatch 
or reflected and strobe pulses (Fig. 5.2). If the time mismatch %>0, 
the voltage on the capacitor is increased; otherwise it decreases. 


ct 
“S a: 


£20 | Cy | e 


Fig. 5.2. Tracked 
and strobe pulses 
in radio range 
finder: C — pulse 
reflected from tar- 
get; Cy and C5 - 


selector pulses. 


pulses Cy and C.,. The time discriminator constitutes, as a ruie, a. 
storage capacitor in 


a 
S between axis of symmetry 


Dependence of voltage increase Aue on capacitor on time mismatch 
§ is called the characteristic of the time discriminator and has the 


form depicted in Fig. 5.3. 


Voltage from capacitor We influences the delay circuit (SZ), 
which controls the triggering of the strobe pulse generator (SI). 
The aelay of strobe pulses is changed in such a way as to reduce the 


initial mismatch 8 to zero.? 





: 1Automatic range tracking systems are discussed in detail in work 
(361. 
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Fig. 5.3. Characteristic of 
t time discriminator. oa 


Noise Jamming 


In the presence of noise jamming of high level the automatic 
finder is acted upon by a combination of pulses with parameters (mainly, 
repetition period), in consequence of which the value of time shift 
(delay) of strobe pulses t3 will be random. In certain measure there 


_ Js wandering of range gate analogous to that observed in processes 


of diffusion. Quantitative investigation of the random process of 
wandering of the range gate can be conducted with the help of the 
mathematical methods utilized in the theory of Brownilen movement. 


In a number of theoretical and experimental works it is shown 
that during the in?luence on the automaticrange finder a mixture of 
signal and noise quantities § and ty also take random values. If 
the signal-to-nolse ratio is sufficiently high, the probability that 
the range gate will be delayed for a time corresponding to distance 
to target is for practical purposes, equal to zero, i.e., the finder 
is driven from tacking conditions. Thus, the automatic range tracking 
circuit is open. 


Confusion Pulse Jamming 
Confusion pulse jamming constitutes a sequence of return pulses 


that are delayed with respect to the signal by Ts and monotonically 
vary from zero to a defined value. 


» 
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Such interference can be created, for example, by a station built 


after the block diagram depicted in Fig. 5.4. 





Fig. 5.4. Block diagram of trans- 
mitter for range confusion jamming. 


The received pulse (Fig. 5.5a; point a in Fig. 5.4) goes to the 
frequency memorization circuit S7Ch, the assignment of which was 
defined earlier, and the receiver PRM. At the output of the latter 
are formed video pulses (Fig. 5.5b), which then go to delay line 
LZ. From the output of the delay line is taken a pulse displaced 
with respect to the received signal vy time t this pulse is fed to 
the control unit UU, is strengthenec, and tnen is fed to the high- 
frequency amplifier Y opening it for time ts as a result of which at 
the output of the cransmitter there is formed a radio pulse, delayed 
for time % relative to the received signal (Fig. 5.5d). The value 
of delay ts changes with time. The law of change can be different, 
for example, corresponding to accelerated motion of target (Fig. 5.6). 


Let us consider the physical processes connected with the influence 


cf confusion pulse interference on the automatic range finder. 


At the initial momenit , corresponding to the moment of activation 
of the jamming transmitter, the delay time of the iaterference signal 
te™Q,in consequence of which at the input of the automaticrange finer 
there arrive simultaneously two tire-coincident puls2s = signal (C) 


and interference (f1) (Fig. 5.7a). At sutsequent moments of time there 


1s appearance of time shift (mismatch t3>0) of interference pulse with 


respect to desired signal (5.7b).-If the amplitude of tae interference 


pulse is greater than the amplitude of the desired signal, there is 


Nec: 
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e): 
Fig. 5.5. Time diagrams explaining the 
principle of creation of range confu- 
sion interference: a) radar pulse at 
inpu* of receiver and circuit for mem- 
orication of frequency of jamming sta- 
tion; b) pulse at receiver output; 

c) oscillations at output of frequency 
memorization circuit; d) pulse at out- 
put of delay line; e) interference 
signal. 





¢ 
Fig. 5.6. Change of 
value cf delay in the 
case of uniformly 
accelerated motion of 
target. 


displacement of the range gete (strobe pulses Cy and Co) in the direce 
tion of a more powerful interference signalll, With further increase 
of delay t, the range gate, "loses" the target’, ai the finder turns tu 
tracking only the false target simulated by the interference signal 
(Fig. 5.7c). 
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so: 


Fig. 5.7. Mutual location 
of strobe pulses (Cy and Co), 


signal (C), and interference 
signals (1): a) initial 
momeit, corresponding to mo- 
ment of switching on jamming 
transmitter (tT, = 0); b) 


intermediate stage of action 
of interference (tT > (6): -¢) 
tracking of interferénce signal. 


However, in spite cf the fact that the automaticrange finder 
tracks the false target simulated by the interference signal, automatic 
homing guidance of missile to the real target (carrying the jamming 
transmitter), in general, cannot be upset. This is explained by the 
fact that the basic information necessary for homing guidance of the 
missile, for example, the sighting angle of the target or the angular 
velocity of the sighting line, is fed to the system of aerodynamic 
‘control from the angle-tracking unit, being an element in the radio 
link of the homing guidance system. The goniometric channel 11: this 
case will function by using as the interference signal as working 
Signal. The interference Signal, as it is easy to see, carries the 
information on angular coordinates of the target, which carries the 
source of interference. 
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In a number of cases of jamming automatic range finders the guide 
ance (homing guidance) circuit is acted upon directly, for example, for 
the suppression of radars .ppiied in fire systems for unguided weapons 
(guns, missiles, and so forth). In these systems errors in range dur- 
ing determination of lead angle are converted directly to angular 
errors. Errors in range ere converted directly to angular errors with 
certain methods of command guidance of missiles. 


5.3. Active Jamming of Automatic Speed Tracking Systems 


Automavic tracking of targets with respect to speed makes it 
possible to select moving targets against a backgrourd cf passive in- 
terferencé and local objects. Selection of moving targets with respect 
to speed is realized most simply in radar with continuous on quasi- 
continuovs radiation, using narrow-band 3ignals. 


Circuits for automatic speed tracking are based on the principie 
of frequency filtration of signals reflected from targets moving 
with different radial velocities relative to a given point of observa- 
tion [38]. 


Information on radial target velocity is contained in the value 
of doppier shift in the frequency of the reflected signal, equai to 


2s, 
h=——le (5.1) 


where Vou radiai component of target velocity; 
€ — velocity of light in free space; 
fo - carrier frequency. 


This makes it possible, by using norrow-bind sounding signals in 
the radar, to ensure considerable weakening (by tens of decibels) of 
signals reflected from motionless and slowly moving objects (local 
objects, clouds of dipole reflectors) and to thus separate fast moving 
aircraft (targets) on their background. 


The method of protecting radar from passive interference by 
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filtration of frequencies 1s considerably more effective than th 
method founded on alternate-=period compensation of signals reflected 
from a cloud of dipoles, applied in pulse radar. 


A simplified block diagram of a channel for speed selection for 
continucus-wave radar, used in the above-mentioned fire-control system, 
is presented in Fig. 5.8. 





finder 


ore es 





(AFC). 


r---c-c cco 


Fig. 5.8. Block diagram of channel of 
selection of target in speed. 


The rear-looking antenna A, Of the missile's noming device takes 
the signal from the target illumination radar, which is used on the 
missile as a reference signal. The forvard-looking antenna Ay picks 
up the reflected signal, carrying information on angular position of 

‘ target and parameters of its motion. 


Both signals (refererice and reflected) go to corresponding mixers 
Sm, and SM55 also fed voltage from the common local ~-scillator Get,. 
' As a result, at the output of the mixers are formed signals of inter- 
| 
' 


mediate. frequency, which are strengthened by corresponding amplifiers 
{ 


UPCh, and UPCh,> 


af 
The input of the third Sm. is fed two signals reflected and 
refzrence), the frequencies 2f which are different and depend on the 
radial velocity components of motion of target and missile (Fig. 5.9). 









Fig. 5.9. Vector diagram of velocities 
of guidance circuit. 


Let us determine values of doppler frequencies for the simplest 
homing guidance circuits, when che guided missile and aircraft move 
directly toward each other (Fig. 5.10). 







ieee yA te Aare ora 

Fig. 5.10. Formation of doppler frequen- 
cies of signals picked up by the forward- 
and rear-looking antennas of a guided 
missile. \ 


Doppler frequencies of signals fy and fxs, picked up by forward- 
and rear-looking antennis respectively, are equal to 


[nv= fot Ie (5.2) | 
, las=—2 hn (5.3) i 


where 2s j,— component of doppier frequency caused by motion of 


target aircraft; 


i f,— component cansed by motion of missile; 
. | 
v. ~ radial (with respect to missile) velocity of target aircraft; 


c 
‘Geo radial (with respect to aircraft) velocity by missile; 
ec — velocity of light; 

£5 —- carrier frequency of suppressed radar. 
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The cifference trequency at the output of the doppler filter FDCh 
S$ equal to 


p= (04 +04). (5,4) 


As a result of the mixing «f these signals, at the output of 
Sm there is a voltage of diri-:ence frequency, equal to fy which is 
filtered hy doppler filter FDCh. The bandpass of the FDCh corresponds 
to the possible range of change cf speed of missile and target. 


The signal of doppler frequency from the output of the FDCh is 
fed to the automatic velocity tracking circuit, constituting an ordi- 
nary AFC circuit. 


Under conditions of doppler frequency search (velocity target 
search) mixer Sm), is ted voltage from oscillator Get,; the frequency 
of whicn is varied in sawtooth fashion by means of reactance tube 
RL. During the time when the difference frequency 


Af =fn— frm (5459 


where fs — doppler frequency, 

fre — frequency of oscillator Get,, 
is within the limits of the passband of narrow-band selective filter 
UF, called the "velocity gate," at its output is formed a signal, which, 
after passage through frequency discriminator ChD, in form is like 
the characteristic of the discriminator. The signal from the output 
of the frequency discriminator is fed to the search-stop c*rcuit, 
after which there is lock-on of reflected signal and automatic trac):- 
ing of it with respect to speed (doppler frequency). 


Channels for selection of target in speed can be dealt the 
following forms of jamming: 
— narrow-band noise jamming, whose spectrum covers a given range 
of possible doppler shifts of the frequencies of the reflected signal; 
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— confusion jamming, created by simulation of false doppler free 
quencies. 


Noise Jamming 


During the influence on speed selection circuit of an additive 
mixture of signal and sufficiently intense interference in the form 
of white noise, the voltage at the input of the frequency discriminator 
(ChD) can be represented as a quasi-harmonic oscillation with random 
amplitude U(t) and phases y(t): 


‘w= (t)cos fog +-¢(¢)), 
where U(t) and y(t) are random functions of time. 


‘The voltage at the output of the frequency discriminator will 
also be a random function of time, and consequently the parameters 
of the reactance tube will also change in random fashion. Accordingly, 
the frequency of the local oscillator is subject to random changes. 
Owing to the closed-loop nature of the automatic control system, the 
random frequency shifts of the local oscillator, in turn, will cause 
random changes of frequency difference Afra™/a—fr. Sometimes to charac- 
terize these frequency shifts of the oscillator in the closed-loop 
tracking system, the terms "random wandering" or simply "wandering," 
borrowed from diffusion theory, are used. We often talk about "wan- 
dering of the velocity gate," although the "velocity gate" can not 
actually wander, inasmuch as it is a narrow-band filter with fixed 
tuning. 


Under the influence of the "velocity gate" noise is displaced 
along its frequency axis, and upon the expiration of a certain amount 
of time, commensurable with the time constant of the automatic velocity 
tracking channel, the doppler frequency of the signal will exceed 
the bandpass of the frequency discriminator (the aperture of the 
discrimination characteristic), as a result of which autotracking 
circuit loses the target. If in the homing device provision is not 
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made fo) conditiors cf approach to a source of active interference 
disturbance or the operation of the speed selection circuit will lead 
to full breaking of the guidance circuit. 


During the creation of nolse jamming to channels of selection 
with respect to speed rather stringent requirements are imposed on 
the band of radiated noises. The bandwidth of noises AF, is determined 
from the condition of ensuring coverage of doppler frequencies of all 
useful signals t'rom the covered aircraft of a group in different 
combat formations and different attitudes relative to the suppressed 
homing device. 


Confusion Jamming 


Confusion jamming of channels of velocity selection decoy the 
"Velocity gate" and stop the doppler frequency tracking of the desired 
signal. 


The possibility of decoying the "velocity gate" 1s based on the 
peculiarities of influence of two signals (useful and interference) 
with different amplitudes and frequencies on the frequency discrimina- 
tor: 


During influence on the frequency discriminator of two harmcnic 
oscillations with fixed frequency the system of automatic velocity 
tracking (ASS) is most fully described by a family of generalized 
, discrimination characteristics, by which is understocd dependence of 
output voltage of the frequency discriminator on the shift of one of 
the signals relative to the transition frequency Wye? The parameter 
of the fanily usually is the difference in frequencies of the two 
signals Aw=wi—ty. 

Let us find the generalized discrimination characteristic for 
the frequency discriminator with upset circuits (Fig. 5.11). There 


IThe transition frequency Wo is that to which corresponds zero 
output voltage of the frequency discriminator. 
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is analogy here with the case of influence of two signais on the ASN 
system (4,3). 


“os 





Pig, 5.11. Frequency discrimi.ia- 
tor with upset circuits. 


Let us assume that the resonance characteristics of both circuits 


of the discriminator are even (Fig. 5.12) and are determined by for- 
mulas 


Ane i a 

(Op — el ea (5.6) 
ae 

CO TET (5.7) 


where 2he’ 
p= Te ©= Tea’ 


AW i= bandwidth of the circuit at che 0.7 level; Aw. — detuning 
of circuits of the frequency discriminator relative to transition 


frequency Wes dw' — deviation of frequency of input signal from nominal 
value Wo: 


For the voltage at the discriminator input it is possible to 
record 


Ugg = Uy cos «,¢ +- U. cose, 


At the input of detectors A, and A, which we will consider 
Square-law, we obtain 


247 








a 





Uy = Ky [Ung (Av, — dw,)c0s (o,¢ ¢)+ 
Veg (Av,, — An,) cos (w,f +%)). 
Uy = Kg [Ung (Ae, + A~,) cos (»,t + 9's) -F 
+ Veg (Aa, + Aw,) cos («,f + qd} 


Aw), Aw, — deviations of frequencies of interference and signal 
from transition frequency Wo 


Vi» Vo» aT v5 — high-frequency phase shifts. 





Fig. 5.12. Resonance character- 
istics of discriminator circuits. 


After detection and filtration of signal by the r-c output filter, 
for output voltage we obtain 


Use KU} {6° [g* (de, — B0,)— g*(Aey + du)] + 
+ g* (du, — A, + Av) — g? (Au, + Ae, — Be)}, © (5.8) 
where K is a constant; bape. 
Relationship (5.8) determines the generalized discrimination 


characteristic. Comparing (5.8) with (4.21), we note their coinci- 
dence. This makes it possible to use results obtained in the case of 
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of noise influences on gonionetric channels. 


If on the ASS system is acted upon only by a signai with frequency 
w » the zero of the discrimination characteristic (point 0) in 
sveady-state operation coincides with frequency Wy (curve lin Pig. 
5.13). During the influence of a signal with frequency Wo at the 
discriminator output there is error voltage of positive sign. which 
means that the point of the stable- state of equiliprium of the system 
("stable zero" of the generalized discrimination characteristic) starts 
to shift to the right, and upon the expiration of transient conditions 
the zero of the discrimination characteristic will be at a certain 
point 0', lying between values of frequencies Wy and Wo (curve 2 in 
Fig. 5.13). 





Fig. 5.13. Discrimination character- 
istics of automatic velocity tracking 
system (ASS): curve 1 — for the case 
of action of one signal with frequency 
W135 curve 2- for the case of action 


of two signals with frequencies Wy and 
Ww 
2° 


Position of point 0' determines tracking error Aw, for si,"*nal 
frequency Wo > In general error Aw, is found vy aolving of equation 
(5.8). | 


Lm 


B* |g" (Aap — Av,) — g* (dey du) 
“t gt (ety — deo, -4- Aer) — g* (Ary + Aer, — Aus)’ 0, 
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In linear treatment during linearization resonance curves at point 


A. (Fig. 5.12) for error Au 


D we obtain 


6 
hu, do re (5.9) 


From (5.9) it tollows that within limits of the linear section 
of the discrimination characteristic point of the stable state 0' 
will be between frequencies of signal and interference Wy and Wo 
beiug displaced witn change of ratio b to the frequency of the source 
with greater pcwer. 


With a sufficiently high signal-to-noise ration the zero of the 
discrimination characteristic (and consequently the "velocity gate") 
will track the carrier frequency of the interference signal. If de- 
tuning dw is increased at a certain rate, the "velocity gate" can be 
decoyed from the desired Signal by a sufficiently great distance along 
the frequency axis (Fig. 5.14). 









Frequency of 
interference 
signal 


Search 


Signal recor rces 
Lockwon of 
signal 





Lockeon of 
«  Anterrerene 


x 
Activation of : 4 
. jammer 





: 5 t 
Fig. 5.14. Time diagrams, ex- 
plaining the principle of action 
of interference confusing the 
"velocity gate." 


5.4. Possible Methods of Shifting Signals in Carrier Frequency 


The shifting of signals in carrier frequency usualy is done by 
means of high frequency phase shifters (tw tubes, masnetizei ferrites, 


~ 
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and others) (51, 52]. 


We will briefly explain the ‘principle of shifting frequency by 
means of tw tube. 


The helix of the tw tube (Fig. 5.15) 1s fed linearly time-varying 
voltage 


u(t) maf. | . (5.10) 





Fig. 5.15. Diagram 
of frequency shift 
in a tw tube. 


If, for example, this voltage increases linearly, the speed of the 
electron stream will increase accordingly. This increase of speed 
of the electron stream (in lineer treatment during small changes of 
voltage) ensures increase of speed of the electromagnetic wave pro- 
pogated in the "helix-electron stream" system. Owing to the increase 
in speed of the electromagnetic wave, the phase shift of oscillation 
in the section of interaction (delay system) will decrease (since the 
length of the section in which pase shift occurs is fixed, and the 
propagation velocity of the wave is increased). In Fig. 5.16 is 
represented approximate dependence of phase shift Aw on the voltage 
applied to the helix u. 


If change voltage u(t) in linear fashion with positive derivative, 
phase shift, as a function of time, is changed linearly, but now with 
negative derivative (Fig. 5.16). 


Since the phase shift Ay changes linearly with time, the phase 
of high-frequency oscillations at the output of the tw tube can be 
represented as follows: 
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(5.12) 











Fig. 5.16. Dependence of phase shift 
of signal on helix voltage of tw tube. 


Here «' is proportionality factor (slope of line Ay # AV, - k' t in 
system of coordinates Ay, t). 


Accordingly, the frequency of oscillations at the output of the 
tw tube is equal to 


. d 
| =e (5,12) 


i.e., differs from input frequency Wy by dw, where 
Aw ==, —e,=x'=const, 


Thus linear change of phase leads to shift of frequency of outp.t 


signal by a certain constant amount Aw. 
od 


In practice continuous change of control voltage u(t) with time 
per linear law is possible only within certain compasatively narrow 
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limits. Therefore in order to shift frequency it is necessary to 
apply different forms periodic phase modulation of the tw tube [51]. | 


One of the simplest laws of phase modulation of the tw tube is 
the sawtooth law (Fig. 5.17). Let us determine the parameters of 
sawtooth control voltage (Ta Ki, Aue), ensuring the obtaining at the 
output of the tw tube of a constant positive shift of frequency dw. 


In the case of modulation by sawtooth voltage the phase of the 
Signal at the output of the tw tube can be recorded as follows: 


pmet+n, huts +X, 7 , 
if 0<(<7,; ( ree 


pat K,buy of +b, 


if t=T,, 
Here Ty — period of sawtooth voltage (Fig. 5.17); 
K, - slope of modulation characteristic of tw tube (Fig. 5.16); 
K, ~ proportionality factor. 





Fig. 5.17. Diagrams explaining frequency 

shift in tw tube with the help of sawtooth 

voltage. Au(t) and Ay(t) characterize the 

law of change with time of increases in 

modulating voltage and phase of oscillations 

at output of tw tube respectively. : 
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Equation (5.13) assumes linear dependence of phase shift of high- 
frequency oscillations at output'of tw tube on modulating voltage 


Ag=x, Au, (5.14) 


Differentiating » with respect to time, we find the value of frequency 
at the output of the tw tube 


\ Mme tir: (5.15) 


Thus, the sought frecaency shift equals 


Uae | 
ie ar (5.16) 


Since modulation is carried out by sawtooth voltage, to shift 
frequency Wy by Aw without disturbing the monochromaticity of oscilla- 
tions, in principle, 1s possible only in that case when the period of 
the sawtooth modulating voltage T, is multiple of T==, Ae@c5 


Ta=n?, (5.17) 


where n # 1, 2, 3, ..., and return period of the saw is equal to zero. 


(n other words, in every period cf the modulating saw Ty must 
contain a whole number of segments with duration T. This can be clar- 
ified with help of the vector diagram shown in Fig. 5.18a. The unmod- 
ulated input signal with frequency W, can be represented in the form 
of vector u(t), revolving with constant angular velocity Wy + Linear 
phase modulation increases (or decreases) the angular velocity of ro- 
tation of this vector by a constart amount Aw. Modulation by periodic 
sawtooth voltage will be equivalent to linear modulation if during. 
the time equal to the period of the modulating sawtooth er vector 
u(t) additionally makes a whole number of rotations 
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Nyon = pe : 


If the return period of the ~aw is close to zero, oscillations 
of frequency Wo» corresponding to adjacent periods of the sawtooth 
modulating voltage, will continuously, without a jump in phase, repea 
one another (Fig. 5.18b and c). When conditions of multiplicity of 
Ta and T are not met, oscillations of frequency Wo» corresponding to 
adjacent sections of modulating saw, will have different phases, 
which will lead to disturbance of monochromaticity of oscillations 
at the output of the tw tube (Fig. 5.18d and e). 





by tw tube: a) vector diegram of harmonic os- 
cillations in tw tube; b, “) output voltage of 
tw tube and its spectrum with correctly selected 
parameters of control voltage; d, e) output 
voltage of tw tube and its spectrum when par- 
ameters of control voltage are selected incor- 
rectly. 


Inasmuch as the slope of the saw and its period are determined 
completely by the necessary value of frequency shift Aw, the same 
determines the amplitude of the sawtooth voltage uy: Actually, in 
view of (5.16) and (5.17) and also considering that Tx is a multiple 
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Fig. 5.18. Principle of shifting of frequency 





of T, ¥) must in the same measure be a multiple of 9n. Hence in 
accordance with (5.14) it follows that 


> 
é 
il 
| 


(5.18) 


where n # 1, 2, 3... 


In practice with linear phase modulation of tw tube by sawtooth 
voltage at the output of the tw tube there appear oscillations at 
two frequencies, shifted in opposite directions relative to input 
frequency Ws: One of these oscillations corresponds to forward move- 
ment of the saw, the second to reverse movement. 


' For ferrite phase shifters, in contrast to tw tubes, to the posi- 
tive slope of the "saw" of control current i(t) also corresponds a 
positive shift of frequency of output Signal (Fig. 5.19a), and to the 
negative slope corresponds a shift of frequency in the direction of 


smaller values (Fig. 5.19b). 
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Fig. 5.19. Principle of rrequency { 
shift with the help of ferrite phase 
shifters: a) law of change of con- 
trol current for positive shift fre- 


quency; b) law of change of control 
current for negative shift. 





To constant slope of sawtooth control voltage or current corres- 
ponds a constant shift of frequency of output signal.. 
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For creation of confusion jamming the frequency of the output 
Signal (and consequently the value of Aw) must be changed with time 
(decreased or increased) per defined law. Let us find the law of 


change of control voltage (current) ensuring linear change with time 


of Aw and accordingly of Wo Assigning the necessary law of change 
of Aw in the form 


Aw=K dud, (5.19) 


by integration of dw we determine the sought law of change of phase 


. « ze 
Ay (() = [ deat = Fee, eran 
e ; ; 


From (5.14) and (5.20), taking into account the integration con- 
stant we find control voltage (current) 


u (t) =u, >: K's", 


v= 


(5.21) 
where 


Expression (5.21) shows that for frequency shift per linear law 
the control voltage (current) must be changed not per linear, but 
parabolic, law. 
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